current perspectives on the phylogeny, phylogeography and taxonomy of the Myrtaceae, while numerous studies of genetic diversity have been carried out particularly as it relates to endangered, rare, fragmented, overharvested or economically important species. Large expressed sequence tag collections for species of Eucalyptus have recently become public to support the annotation of the Eucalyptus grandis genome. Transcriptomics in Eucalyptus has advanced by microarrays and next-generation sequencing focusing on wood development. Linkage maps for Eucalyptus display high synteny across species and have been extensively used to map quantitative trait loci for a number of traits including growth, wood quality, disease and insect resistance. Candidate gene-based association genetics have successfully found marker-trait associations for wood and fiber traits. Genomic selection experiments have demonstrated clear potential to improve the efficiency of breeding programs while freeze-tolerant transgenic Eucalyptus trials have recently been initiated. The recently released E. grandis genome, sequenced to an average coverage of 8×, will open up exceptional opportunities to advance Myrtaceae genetics and genomics research.
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Introduction
The Myrtaceae (Myrtle, eucalypts, clove, or guava family) is a large family of dicotyledonous woody plants placed within the order Myrtales containing over 5,650 species organized in 130 to 150 genera (Govaerts et al. 2008) . Recognized as the eighth largest flowering plant family, it comprises several genera of outstanding ecological and economic relevance worldwide. The family occurs mainly in the Southern Hemisphere. It has centers of diversity in the wet tropics, particularly South America, Australia, and tropical Asia with occurrences in Africa and Europe (Fig. 1) . The family is commonly found in many of the world's biodiversity hotspots such as south western Australia, and the Cerrado and Atlantic Rainforest in Brazil where up to 90 species of Myrtaceae per hectare, many of which are not described, can be found (Govaerts et al. 2008) .
In this review, we present the current standing of genomics and other related fields in the Myrtaceae. Among over 130 genera in the Myrtaceae family, Eucalyptus stands out as the pivotal genus for which genomic resources have been developed and currently represent the bulk of the genomics literature for the family. A number of reviews in the last few years have examined the advances of Eucalyptus genome research including applications to breeding and conservation (Byrne 2008; Grattapaglia and Kirst 2008; Myburg et al. 2007; Poke et al. 2005; Shepherd and Jones 2004) . However, such reviews have not extended to other genera within Myrtaceae that have yet to experience close attention from the tree genetics and genomics community. Such genera will likely benefit from the rapid genomic and technological developments made in Eucalyptus soon to culminate with the forthcoming announcement of a complete genome sequence for Eucalyptus grandis. Fig. 1 World distribution of the family Myrtaceae; adapted from (Heywood 1996) This compendium article is structured according to genomic-oriented topics rather than taxonomy. In each theme, the status of knowledge in species of Myrtaceae for which genomic information has been reported is presented with Eucalyptus as the focal genus. The reader is initially introduced to the main features of the Myrtaceae, including estimates of genome size, chromosome numbers, and available molecular marker resources. A sequence of themes then covers studies on molecular phylogenetics and population genetics, linkage and association mapping, quantitative trait loci (QTL) analysis, transcriptomics, proteomics, and metabolomics, and, finally, molecular breeding. In closing, a snapshot of the current status of the Eucalyptus genome sequencing project is presented, highlighting its anticipated role as a key driver of future genomic undertakings in species of Myrtaceae.
Taxonomy and relevance of the main taxa targeted by genomic research
Myrtaceae is generally distinguished by a combination of features that include the presence of oil glands on leathery evergreen leaves; flower parts in multiples of four or five, generally numerous stamens; phloem located on both sides of the xylem, not just outside as in most other plants; and vestured pits on the xylem vessels (Wilson et al. 2001) . The family was considered to be naturally divisible in two subfamilies: the Myrtoideae, with fleshy fruits and opposite leaves and Leptospermoideae, with capsular fruits and alternate leaves (Niedenzu 1893). This classification was first challenged by Johnson and Briggs (1984) based on a cladistic analysis using morphological characters, later followed by molecular phylogenetic studies that proposed a new infra-familial classification that recognized only two subfamilies (Myrtoideae and Psiloxyloideae) and 17 tribes, with Myrtoideae comprising the vast majority of genera (Fig. 2) .
Approximately half of the species of Myrtaceae are in the tribes Syzygieae and Myrteae and comprise fleshy-fruited species associated with wet forests across the tropics, particularly in South-East Asia, and Central and South Americas. Some of the prominent genera include Syzygium, Eugenia, and Psidium . A second large group comprises the tribes Leptospermae, Eucalyptae, and Chamelauciae, which are woody-fruited species that have radiated in Australia and include Leptospermum, Eucalyptus, Melaleuca, and Chamelacium (wax flower) (Wilson et al. 2001) (Fig. 2) .
Overall, the Myrtaceae is characterized by having a number of species-rich genera. For example, Syzygium contains between 1,200 and 1,500 species , Eugenia approximately 1,050 species, and Eucalyptus about 700 species (Brooker 2000) . Species richness in the tribes Syzygieae and Myrteae may have arisen through biotic dispersal mediated by a diversity of animal vectors possibly promoting allopatric speciation or reducing risk of extinction . In Eucalyptus, the ability of epicormic buds to re-sprout so effectively after fire may have allowed eucalypts to dominate multiple niches and speciate widely (Crisp et al. 2011) . Whatever the explanation, the consequence of this species-richness is that the taxonomy of the family is difficult, and the distinctiveness of many widely recognized genera is being questioned (e.g., Biffin et al. 2010; Edwards et al. 2010 ). However, this may also mean that synteny within the family (at least in members that are diploid) (da Costa and Forni-Martins 2006) is high and Biffin et al. (2010) and the tribal diversity from Govaerts et al. (2008) significant insight into other groups may be possible from the genome of Eucalyptus.
Several species of Myrtaceae stand out for their key ecological role in some specific ecosystems. For example, in some wet forests of eastern Brazil, Myrtaceae is the dominant family in terms of the number of species, individuals, and total basal area (Mori et al. 1983 ). In Australia, eucalypts are the dominant or co-dominant species of virtually all vegetation types except rainforest, the central arid zone, and higher mountain regions (Wiltshire 2004) and are considered keystone species for ecological studies in their natural ranges (Williams and Woinarski 1997) .
Several genera of Myrtaceae are well known for their economic importance and are cultivated worldwide for their fleshy fruit such as guava (Psidium), jaboticaba (Myrciaria), rose apple (Syzygium), and pitanga (Eugenia) trees; spices such as clove (Syzygium) and allspice (Pimenta); antiseptic oils from eucalypt and tea tree (Melaleuca); or as important sources of timber or fiber for multiple industrial purposes including pulp, paper, and energy production (Eucalyptus and Corymbia) (Fig. 3) Some representative species of the main Myrtaceae genera for which genomic studies have been developed. a E. regnans is the tallest flowering plant in the world with the tallest tree ('Centurian') occurring on the island of Tasmania. It is 99.6 m tall and has a stem volume of 268 m 3 (photo courtesy of Forestry Tasmania); b E. grandis (rose gum or flooded gum), BRASUZ1 (Brasil Suzano 1), the 17-year old S 1 tree developed in Brazil whose genome has been sequenced (photo courtesy of Suzano S.A.); c Flower of E. globulus (Tasmanian blue gum) (photo courtesy of R. Wiltshire); d Myrciaria cauliflora (Jaboticaba) (photo courtesy of Instituto de Biociências, Letras e Ciências Exatas importance of these genera has been driving most of the genomic research in the Myrtaceae. Some general aspects of these genera where the vast majority of genomic efforts have been undertaken are presented below.
Eucalyptus The major impetus for genomic studies in the Myrtaceae has been to understand the genetic control of economically important traits, and, in that regard, the focus has been on Eucalyptus. The tribe Eucalypteae contains Eucalyptus and other groups including Angophora and Corymbia along with monotypic genera including Arillastrum from New Caledonia, and three genera from mesic habitats Allosyncarpia (Australia), Stockwellia (north-eastern Australia), and Eucalyptopsis (two species from New Guinea) (Ladiges et al. 2003) . Within Eucalyptus, ten subgenera have been described with the most important being Symphyomyrtus (commonly referred to as the "symphyomyrts," comprising about 470 species) and Eucalyptus (formerly Monocalyptus and commonly referred to as the "monocalypts") comprising about 108 species. Eucalyptus is highly diverse and displays significant adaptability and phenotypic plasticity with individuals of some species able to grow from sea level to the tree line (e.g., Eucalyptus pauciflora) and on substrates ranging from rich volcanic soils to deep sand (e.g., Eucalyptus microcorys). This genus includes the tallest flowering plant species in the world, Eucalyptus regnans (99.6 m, Fig. 3a ). While predominantly an Australian genus, Eucalyptus trees are grown throughout the world and are the major hardwoods used in the world's industrial pulp wood plantations (Doughty 2000) . Although the many species that grow as forest trees are best known, other species are shrubs (or "mallees") at maturity and may only grow in very poor, restricted sites. Williams and Brooker (1997) provide a broad introduction to the diversity of the genus. Four species of Eucalyptus (e.g., Eucalyptus deglupta, Eucalyptus orophila, Eucalyptus urophylla, and Eucalyptus wetarensis) have their natural range completely outside Australia in Indonesia, the southern Philippines, and New Guinea. Natural hybridization in eucalypts is widely agreed to have played a major role in the evolution of the present diversity of species (Barbour et al. 2008; McKinnon et al. 2004a; Potts and Reid 1990; Pryor and Johnson 1981) . Genomic studies would help us to understand which genes are associated with important adaptive traits, the degree to which they are under selection, and how these genes contribute to the persistence of hybrids. There is a single site in Australia at Currency Creek near Adelaide where an attempt has been made to cultivate the whole genus in a common garden (http://www.dn.com.au/, accessed on 1/4/2011), and although some of the tropical and cold-tolerant species have not thrived at this site, it still represents an enormous resource for those interested in the diversity of the eucalypts.
The worldwide importance of species of Eucalyptus together with its relatively modest genome size, varying between 600 and 700 Mbp (Grattapaglia and Bradshaw 1994) has propelled whole-genome sequencing efforts, and to date, the genomes of three species of Eucalyptus have been sequenced at variable coverages (see Section "The status of the E. grandis genome").
Corymbia is a group of about 115 species that have a largely tropical and arid zone distribution in Australia, although the most important species industrially, the spotted gum (Corymbia maculata), grows on poor sandy soils on the east coast of Australia. The most recent formal classification of eucalypts treated Corymbia and Angophora as subgenera of Eucalyptus (Brooker 2000) , although they are treated as separate genera in the more recent comprehensive electronic flora treatment (Slee et al. 2006 ) (see Section "Molecular phylogenetics"). The morphological distinctions between Eucalyptus and Corymbia are based on a combination of characters including ovule arrangement, leaf venation, operculum structure, and the presence of unicellular hairs associated with oil glands. Molecular evidence has also been reported for the separation of Corymbia and Eucalyptus (see Section "Molecular phylogenetics").
Melaleuca With about 260 species, Melaleuca is one of the major radiations of the Myrtaceae and is the second most speciose genus in Australia after Eucalyptus. Most species of Melaleuca are diploid, but polyploidy has been reported. Species of Melaleuca can be trees or small shrubs, which tend to occupy the wetland niche and are commonly dominant in the understory of eucalypt forest. They occur widely in Australia, Southeast Asia, and New Caledonia. The genus is characterized by long racemes of flowers that resemble a bottlebrush, and there are proposals for the remaining recognized genera of the Melaleuceae to be synonymized with Melaleuca resulting in a genus of 330-350 species (Brown et al. 2001; Edwards et al. 2010) .
Psidium Of the fleshy-fruited members of the Myrtaceae, guava (Psidium guajava L.) has received most attention because of its economic importance as the source of the guava fruit, which is a versatile product that has a significant market worldwide. Although P. guajava is diploid, other members of this genus have been reported to be polyploid. Like any plant family, the Myrtaceae is host to many pathogens and diseases, but, one known as guava rust (Puccinia psidii), is particularly noteworthy because of its very wide host range within the family (Zauza et al. 2010 ). Guava rust is endemic to parts of South America, but it has the potential to devastate susceptible plant communities where it is a new invader (Coutinho et al. 1998) . Recently a member of the guava rust complex (Uredo rangelii) has become established in Australia. It has already had a severe impact on several non-eucalypts (e.g. Backhousia citriodora, Rhodomytus sp) and turned into a fairly widespread occurrence along the east coast of Australia (http://www.dpi.nsw. gov.au/biosecurity/plant/myrtle-rust). Genomic studies to identify resistance factors will be essential to maintain Australian industries based on native Myrtaceae.
Cytogenetics and genome size
Knowledge of the chromosome number, ploidy level, genome size, and structure of a species has important implications for genomic research. This information is generally available for the main genera of Myrtaceae, although to a much larger extent for species of Eucalyptus and closely related genera which have received greater attention due to their keystone ecological role and global economic importance.
Cytogenetics Overall, the Myrtaceae are typically regular diploids with largely constant chromosome number and small to intermediate genome size. "The Myrtaceae are, on the basis of the species thus far studied, an unlikely subject for intensive use of cytotaxonomic methods." This introductory discussion statement of the first report on chromosome number variation in a set of Myrtaceae species Atchison (1947) , provided an early indication of the limited variation in chromosome number in the family, later confirmed by several studies. Furthermore, Atchison (1947) also showed that chromosomes in Myrtaceae are generally small, ranging from 1.2 to 2.5 μm, making detailed cytogenetic analysis difficult, though improved methods have recently been successfully applied to Eucalyptus (Gamage and Schmidt 2009) . In that original study by Atchison (1947) , species of Psidium showed chromosome counts ranging from 2n022 to 88, strongly suggesting the occurrence of polyploidy. Twenty-three Eucalyptus species were found to have 2n022, but with two apparent aneuploid exceptions (2n024), later dismissed after observing that chromosome breaks during metaphase are commonly seen in Eucalyptus (Oudjehih and Bentouati 2006) .
Several studies of chromosome number in Myrtaceae species followed since that early study. It is now well established that the basic haploid chromosome number in Myrtaceae is n011, and the vast majority of species are diploid with 2n022. Eucalypts are ideal representatives of diploids speciation with a homogeneous haploid chromosome number of n011 (2n022) based on the analysis of 135 distinct species to date. In spite of its wide ecological and morphological diversity, the genus Eucalyptus can therefore be considered as a vast karyological continuum that probably adopts a process of evolution based fundamentally on chromosome alterations (Oudjehih and Bentouati 2006) . While polyploidy in Eucalyptus has not yet been observed in nature, it has been artificially induced (Janaki-Ammal and Khosla 1969) , and a renewed interest in this strategy to potentially develop fast growing trees has recently emerged (Lin et al. 2010) .
Outside the Eucalyptus, however, some level of karyotypic variation has been observed. Chromosome counts for 150 Western Australian species of the Myrtaceae, confirmed the base chromosome number of n011 but also revealed rare diploid variations as low as n05 (Rye 1979) . Such variations were later confirmed by reports of 2n014, 16, 18, and 20 for species of Homoranthus (Copeland et al. 2008) . Occasional polyploids (2n 044) were reported in genus Leptospermum in New Zealand (Dawson 1987) , although polyploidy is now generally considered rare in capsularfruited taxa. On the other hand, karyotypes have been more variable in fleshy-fruited neotropical taxa (Myrteae), with relatively common reports of polyploidy. Although a predominance of 2n022 is also seen, occasional triploids (2n03× 033), tetraploids (2n04× 044), and hexaploids (2n06× 066) were reported in Eugenia and Psidium, suggesting that polyploidy is of importance in the evolution of fleshy-fruited Myrteae (da Forni-Martins 2006, 2007) .
Nuclear genome size Relatively few genera and species of Myrtaceae have had their genome size estimated. Studies have been limited to species of some economic or ecological interest (Table 1 ). The first estimates of nuclear DNA content in the family were reported for P. guajava (0.33 pg/1 C) (Bennett and Smith 1976) . Some level of discrepancy exists in the literature among some published estimates of nuclear DNA content. Ohri (2002) estimated the DNA content of Melaleuca leucadendra to be 1.13 pg/1 C, but this was previously reported to be 0.6 pg/1 C by Bennett and Leitch (1997) . P. guajava had an estimated content of 0.62 pg/1 C by (Ohri 2002) , an estimate disparate from the early estimate of 0.33 pg/1 C by Bennett and Smith (1976) (Table 1) . These discrepancies are likely due to the use of Feulgen microdensitometry, a method that has been shown to be affected by plant polyphenols and therefore prone to be less reliable than the currently preferred and most widely employed flow cytometry (FCM) technique (Greilhuber 2008) . The first estimates of nuclear DNA content and respective genome sizes for Eucalyptus were reported for Eucalyptus globulus at 1.13 pg/2 C (Marie and Brown 1993) and for a number of additional species by Grattapaglia and Bradshaw (1994) . Estimates based on flow cytometry varied from a low of 1.09/2 C for E. globulus (530 Mbp) to 1.33/ 2 C for E. grandis (640 Mbp) and 1.47/2 C for E. saligna (710 Mbp). Corymbia citriodora, at the time still classified as belonging to the genus Eucalyptus, displayed a surprisingly smaller genome with only 0.77/2 C (370 Mbp), an unnoticed hint, at the time, to its clearly separate phylogenetic position within the Myrtaceae. Later studies in Eucalyptus largely matched those initial estimates, although with some variation, possibly due to methodological reasons (Pinto et al. 2004) . A recent study compared FCM with image cytometry using three different internal standards and re-estimated the nuclear DNA content of three Eucalyptus species. After a detailed analysis of the various methodological issues involved, the most accurate 2 C values for E. grandis, E. urophylla, and E. globulus were 1.25± 0.025, 1.28 ±0.030, and 1.10 ± 0.026, respectively, very close to the original estimates, corroborating that the temperate E. globulus (498 Mbp) has in fact a slightly smaller genome size than the tropical and sub-tropical E. grandis (611 Mbp) and E. urophylla (625 Mbp).
These nuclear DNA content estimates for species of Eucalyptus are within the reported range for hardwood capsular-fruited species of Myrtaceae reported to vary from a low of 0.4 pg/1 C to a high of 0.8/1 C (Ohri et al. 2004) . Recently, however, the average nuclear DNA content of 32 species from ten genera of fleshy-fruited Myrtaceae was reported to be significantly smaller when compared with capsular-fruited Eucalypteae and Melaleuceae. Nuclear DNA content for species of genera Eugenia, Myrciaria, Calyptranthes, Acca, Campomanesia, and Psidium, all regular diploids (2n022), averaged around 0.5/2 C, while two tetraploid species of Psidium presented the expected doubled amount of DNA, around 1.0 pg/2 C (da Costa et al. 2008) . Based on a wider sampling of genera provided by all these studies, the range of nuclear DNA content (0.25/1 C to 0.8/1 C) of Myrtaceae is significantly below the average for diploid Rosids (2.17/1 C) (Leitch and Bennett 2004 ) and small to intermediate by the classification of Soltis et al. (2003) . The average genomes of the most "genomically relevant" genera of Myrtaceae were either smaller or equivalent in size to other model tree species such as Populus (0.6 pg/1 C; 570 Mbp) (Tuskan et al. 2006) and Prunus (0.305 pg/1 C; 300 Mbp) (Arumuganathan and Earle 1991) , ranging from a low of 247 Mbp for Psidium gujava and 370 Mbp for C. citriodora to 498 Mbp for E. globulus. As regular diploid, with a relatively small number of chromosomes and small genome sizes, the main genera of Myrtaceae are strong candidates for genomic undertakings that demand physical manipulation of DNA such as positional cloning. Moreover, the upcoming availability of a reference genome sequence for E. grandis, together with Costa et al. (2008) increasingly powerful high-throughput sequencing technologies will provide exceptional opportunities for wholegenome comparative and evolutionary studies across genera in the Myrtaceae.
Organellar genomes Both the chloroplast and mitochondrial genomes of Myrtaceae appear to be inherited exclusively in a maternal fashion as verified in Eucalyptus (Byrne et al. 1993; Vaillancourt et al. 2004) and Chamelaucium (Ma et al. 2004) . A large-scale study in E. globulus and its hybrids with Eucalyptus nitens using a polymerase chain reaction (PCR) technique confirmed this observation after analyzing 425 offspring individuals in 40 families derived from controlled crosses with no evidence of pollen-mediated chloroplast-DNA (cpDNA) transmission (McKinnon et al. 2001b) . Although virtually no data exist in other genera, it is reasonable to speculate that a similar pattern will be found elsewhere in the family. The complete chloroplast genome sequence of E. globulus (GenBank accession no. AY780259) with an estimated size of 160,286 bp was reported by Steane (2005) . It ranks among the larger land plant chloroplast genomes with a typical structure of most plastids: an inverted repeat (IR) (26,393 bp) separated by a large single copy (LSC) region of 89,012 bp and a small single copy (SSC) region of 18,488 bp. The E. globulus chloroplast genome has a GC content of 36.9%, comparable with that of other vascular plant plastids and essentially collinear with that of Nicotiana tabacum and Populus trichocarpa with a few exceptions. A total of 128 genes was annotated, 112 individual genes and 16 genes duplicated in the IR, coding for 30 transfer RNAs, four ribosomal RNAs, and 78 proteins. The chloroplast genome of E. grandis was also completely sequenced (Paiva et al. 2011 ; GenBank accession ID NC_014570), displaying a size of 160,137 bp, close to the one seen in E. globulus with an IR of 26,390 bp, an SSC of 18,478 bp, and the LSC with 88,879 bp in size. The nucleotide sequence similarity to the E. globulus chloroplast genome was remarkably high (99.57%) with a complete congruence in gene organization.
Although very little data exist on the genome structure and sequence of chloroplast genomes of other genera in Myrtaceae, it is likely that a significant conservation of sequence and gene order exists across genera. Evidences come from the various studies that used the cpDNA as a rich source of markers for phylogenetic, phylogeographic, and population genetics research in comparative studies going across the main genera of Myrtaceae (see Sections "Molecular phylogenetics" and "Molecular population genetics").
Molecular marker resources
Molecular markers are the main working tools for genomics surveys. They have been used extensively in the Myrtaceae to characterize genetic variation in natural and breeding populations of a number of species. When connected to phenotypes by linkage or association mapping, molecular markers have assisted tree breeding, native forest management, and conservation purposes. This section provides a detailed profile of DNA marker resources in the Myrtaceae, recent trends in marker development, and future resources and applications. Specific applications of molecular markers in the Myrtaceae are detailed in subsequent sections.
Microsatellite or Simple Sequence Repeats (SSR) markers are the most broadly used molecular markers in Not surprisingly, the vast majority of effort on the development or application of markers has focused on Eucalyptus (109 papers), whereas there were eight papers each on Eugenia and Metrosideros, seven on Corymbia, six on Myrtus and Melaleuca, and three or less on Psidium, Calothamnus, Chamelaucium, Syzygium, and Acca. Across the Myrtaceae, most papers were associated with the development or use of microsatellite markers (65) followed by random amplified polymorphic DNA (RAPD, 27), amplified fragment length polymorphism (AFLP, 20), cpDNA (19) , and then restriction fragment length polymorphism (RFLP, 9). For eucalypts, there were also six papers on SNP, three on inter-simple sequence repeats (ISSR), and one each on diversity arrays technology (DArT) and mitochondrial-DNA (mtDNA) markers.
Microsatellite markers are available for species in four of the 17 Myrtaceous tribes. A catalog of the current resource of microsatellite markers by genera is given in the Electronic supplementary material. A resource of 366 microsatellite markers has been published for Eucalyptus (Brondani et al. 1998 (Brondani et al. , 2006 Byrne et al. 1996; Ottewell et al. 2005; Steane et al. 2001; Thamarus et al. 2002) and a set of 28 for the related genus Corymbia (Jones et al. 2001; Shepherd et al. 2006 ). In the non-eucalypt Myrtaceae, 113 microsatellite markers have been developed from Melaleuca (Miwa et al. 2000; Rossetto et al. 1999a) , 24 for Metrosideros Kaneko et al. 2007 ), nine for Eugenia (Ferreira-Ramos et al. 2008 ), 14 for Myrtus (Albaladejo et al. 2010) , ten for Calothamnus (Elliott and Byrne 2005) , eight for Syzygium (Hillyer et al. 2007) , and 13 for Acca .
DArT microarray genotyping A marker technology based on DNA-hybridization in microarray format, the DArT, has recently been developed for eucalypts (Sansaloni et al. 2010) . Operational arrays with 7,680 selected polymorphic DArT probes have been designed providing on average 1,000-2,000 polymorphic markers in bi-parental mapping populations and over 4,000 in genetically wider natural or breeding populations. The DArT microarray was shown to work widely across Eucalyptus species with optimum performance for species from the subgenera that include most of the commercial species, Symphyomyrtus and Eucalyptus (Sansaloni et al. 2010) . The large number of markers supplied by this first version of a DArT genotyping array has permitted the development of high-density genetic maps for many species at relatively low cost (see Section "Genetic mapping, QTL, and eQTL identification"). Such maps are expected to be of most value for comparative mapping across species, high-resolution mapping, and co-location of QTL with candidate genes derived from the eucalypt reference genome. DArT markers are bi-allelic and display dominant inheritance and thus have less information content than co-dominant microsatellites or SNPs. For a number of applications, however, this limitation should be largely offset by the very large number of loci available and high throughput.
SNP-based markers SNPs are the most abundant form of DNA polymorphism, with recent studies finding rates ranging from one per 16 to 33 bp across four species of eucalypts, some of the highest levels found for woody plants and plants in general (Külheim et al. 2009 ). Like DArT, they are largely bi-allelic, but, similarly, their high abundance should ameliorate this limitation. Published accounts of the SNP resource are still rare for eucalypts, but sequencing of the transcriptome and resequencing genome fractions or genes using conventional or next-generation sequencing has confirmed that large numbers of SNPs will be available (Külheim et al. 2009; Novaes et al. 2008; Poke et al. 2003) . Assay methods have been used that accommodate the complexity of SNP genotyping in the highly heterozygous eucalypt genome (Sexton et al. 2010b ), although at a relatively low throughput of less than 100 multiplexed SNPs.
Recently, a dataset of >1.2 million mixed expressed sequence tags (EST) dataset including Sanger and 454 sequences from multiple Eucalyptus species was used to develop the first collection of 768 genome-wide SNPs for Eucalyptus using the Illumina GGGT (Golden Gate genotyping technology) (Grattapaglia et al. 2011a ). Assay success rates according to the GGGT recommended parameters were close to 95% for all five species genotyped (E. grandis, E. globulus, E. camaldulensis, E. urophylla, E. nitens). The assay conversion rate, i.e., the rate of polymorphic SNPs among the reliable ones, was 71% for all species together, and around 40% to 50% for each species separately, except for E. globulus (22.2%), a phylogenetically more distant species from E. grandis, the foremost source of the original EST collection. Results also indicated that a large proportion of SNPs will be reliable between the two main species, E. grandis and E. globulus (89%) and even across the additional four species (81%). However, the rate of polymorphic SNPs declines significantly across species. Only~20% of the most reliable SNPs were polymorphic (minimum allele frequency ≥ 0.05) both in E. grandis and E. globulus and only~10% when assessed across the remaining species.
Although the very high nucleotide diversity in Eucalyptus provides a rich source of SNPs in silico, it may complicate actual in vitro SNP assay because of uncharacterized sequence variation in the vicinity of the target SNP. Using the Sequenom mass spectrometry platform (Sexton et al. 2010b ) overcame this problem by generating fewer but much longer template amplicons instead of several short ones. When developing SNPs for the GGGT, stringent requirements of conservation in flanking sequences to the SNP both within and across species significantly enhanced SNP reliability and polymorphism of the assay, although such requirements reduced the number of assayable SNPs (Grattapaglia et al. 2011a ). This approach, although successful, showed that in silico assessment of polymorphism and interspecific transferability of the SNP requires high sequence coverage and representation to successfully provide reliable selective power for actual SNP assay development. In this respect, the upcoming reference genome for E. grandis will be vital. Recently, next-generation resequencing of reduced genomic representations at high coverage from multiple individuals of E. grandis and E. globulus allowed the discovery of over 42,000 high quality SNPs simultaneously polymorphic in both species (Grattapaglia et al. 2011b ). This same scenario for SNP development will likely be found for other genera of Myrtaceae.
Transfer of microsatellites within eucalyptus and to other genera Microsatellite transfer among species of eucalypts (genera Eucalyptus and Corymbia) shows an expected trend, where transfer declines with the degree of taxonomic divergence (Table 3) . Transfer among the sister genera Corymbia and Eucalyptus ranges between 25 and 50%, with higher rates possibly achieved where methodological strategies designed to maximize transfer rates were adopted (Kirst et al. 1997; Shepherd et al. 2006 ). Transfer among the major Eucalyptus subgenera has been variable and ranged between 40 and 96%, but transfer within a subgenus (Symphyomyrtus) has been significantly higher (80-100%).
Wide transfer among the Myrtaceae has also been possible. Within the Melaleuceae tribe, transfer of 35 Melaleuca sp. derived microsatellite markers to Callistemon sp. was 74% and inter-tribal transfer between Melaleuca and Eucalyptus was 45% (Rossetto et al. 2000) . Inter-tribal transfer, however, will likely be highly variable and often much lower as a large study using 346 Eucalyptus microsatellites found only ten loci transferred to Eugenia dysenterica (Zucchi et al. 2002) . Nonetheless, for some Myrtaceous species and some applications, it may be more efficient to screen large sets of markers identified in eucalypts for transfer rather than develop markers de novo, although, with the declining cost and longer reads of nextgeneration sequencing, it has become easy to develop microsatellite markers from genomic sequences, without enrichment.
SNP markers, adaptive variation, and balancing selection SNPs offer the advantages of abundance, a simpler and better understood mutational mechanism than microsatellites, and relatively low rates of genotyping error, and because they are more often gene-linked, they will be particularly useful for studies of adaptive variation and selection processes (Ryyanen et al. 2007 ). The confluence of massively parallel sequencing technologies and whole-genome or transcriptome sequences has given rise to the field of population genomics, where genome-wide scans of populations are undertaken to find genes underlying adaptive differentiation (GonzalezMartinez et al. 2006; Luikart et al. 2003) . A recent empirical demonstration of the approach scanned the entire genomes of populations of Arabidopsis sp. for genes underlying ecotypic adaptation to serpentine soils (Turner et al. 2010) . In eucalypts, comparative analysis of trans-specific SNP has revealed ancient polymorphism persisting across subgenera due to balancing selection (Sexton et al. 2010a ) and signatures of positive selection (Külheim et al. 2009 ). These studies are providing insight into the processes that maintain diversity or purge variation in Eucalyptus and thus how the genome of this extraordinarily diverse group has evolved.
Molecular phylogenetics
Molecular data have been fundamental to current perspectives on the phylogeny, phylogeography, and taxonomy of the Myrtaceae (Stevens 2008) . As with most angiosperm families (Calonje et al. 2009 ), higher-level (e.g., family, tribes, and sections) molecular phylogenetics has focused on markers derived from commonly used short sequences in non-coding DNA regions (intergenic spacers or introns) amplified using PCR primers derived from highly conserved flanking regions in plastid DNA (e.g., gene regions [matK, ndhF, psbA, rbcL, trnK, trnL, trnH] , introns [rpl16] and various inter-and intra-genic spacers [trnK-matK, psbAtrnH, psbA-trnK, atpβ-rbcL, trnL-trnF]) and nuclear ribosomal DNA (e.g., internal [ITS] or external [ETS] transcribed spacers) (Table 4) . Plastid DNA phylogenies from matK and an adjacent spacer sequence define the modern Myrtaceae tribes (Wilson et al. 2001 , and relationships have been further resolved by combining matK with other gene sequences (e.g., plastid rbcL and ndhF (Sytsma et al. 2004 ); nuclear ITS ; Fig. 2 ; Table 4 ).
The recent phylogenetic analysis of inter-tribe relationships based on matK and ITS provided good support for the modern tribal classification of the Myrtaceae Fig. 2) . It showed that fleshy fruits have evolved independently from dry fruits in the Syzygieae and Myrteae tribes.
Tribal phylogenies Molecular phylogenic studies are rapidly accumulating at all taxonomic levels in the Myrtaceae (Table 4) . Many challenge the traditional morphology-based taxonomy and phylogenies to some degree, and the taxonomic classification in many tribes is still in flux. For example, in a recent study of the tribe Melaleuceae, the genus Melaleuca was shown not to be monophyletic in its matK phylogeny, and its species are distributed across most of the other genera (Edwards et al. 2010 ). This result was also consistent with a previous ITS study (Brown et al. 2001) , and it is argued that all species of the tribe should be included within Melaleuca (Edwards et al. 2010) . Similarly, molecular and morphological data have been used to argue that five genera in the tribe Syzygieae would be better placed within the large genus Syzygium (Craven 2006; Craven and Biffin 2005; Parnell et al. 2007) . A subsequent nuclear and plastid DNA sequence phylogeny has recently resulted in the recognition of six subgenera and seven sections within Syzygium . In the tribe Chamelaucieae, analysis of sequence data from the matK gene and the atpβ-rbcL intergenic spacer showed no support for previously recognized sub-alliances based on fruit type (i.e., indehiscent fruit appear to have arisen in multiple lineages); some genera were monophyletic while others were not, such as Babingtonia (Wilson et al. 2007) , and several clades required recognition as new genera (Lam et al. 2002) .
Delineating the genus Eucalyptus One of the first challenges for molecular studies of Myrtaceae phylogeny was in the eucalypt group (tribe Eucalypteae; Table 4 , Fig. 2 ). The genus Corymbia (commonly referred to as the bloodwoods) had been recently split from Eucalyptus (Hill and Johnson 1995) , but this treatment was not subsequently adopted in the formal taxonomic classification (Brooker 2000; Ladiges and Udovicic 2000) . Most of these bloodwoods have operculate flowers, and resolution of this issue partly lay in the affinities of Corymbia to the genus Angophora that has flowers with free petals and sepals (Ladiges 1997) . The marked divergence of the Corymbia lineage from Eucalyptus s. s. and its closer affinities to Angophora were demonstrated in numerous molecular studies (Sale et al. 1993; Steane et al. 1999 Steane et al. , 2002 Udovicic et al. 1995) . However, in the large molecular phylogenetic analysis of the eucalypt lineage involving ITS sequences from 90 species, Angophora was nested within the Corymbia clade . The vagaries of phylogenies built using Tribe Leptospermeae a single gene were clearly apparent because, in subsequent studies using microsatellites, nuclear and/or plastid DNA sequence, Corymbia and Angophora were monophyletic sister groups (Ochieng et al. 2007a, b; Parra-O et al. 2006 . This work led to the discovery of multiple nuclear ribosomal pseudogenes within the eucalypt group with differing phylogenetic signals revealed by their ITS sequence potentially complicating phylogenetic reconstruction through comparison of paralogous sequences (Bayly and Ladiges 2007; Bayly et al. 2008; Ochieng et al. 2007a ). Monophyly of Corymbia was evident with a non-functional paralogue of ITS (Bayly et al. 2008) but not with the functional form sequenced by Steane et al. (2002) . Nuclear ribosomal pseudogenes have now been detected in multiple genera within the eucalypt group and some pseudogenes represent "deep" duplications that appear to predate the divergence of Eucalyptus s. s., Corymbia and Angophora (Bayly and Ladiges 2007; Bayly et al. 2008) . While using single-copy nuclear genes avoids complications associated with paralogy in multiple-copy regions of DNA, they may also present problems for phylogenetic reconstruction. This was seen clearly in the study of the cinnamoyl CoA reductase gene (CCR), involved in lignin synthesis, in section Maidenaria where one of the two clades detected appeared to contain evidence of a historical recombination event involving gene sequences from another taxonomic section Poke et al. 2006) .
Delineating the eucalyptus subgenera and sections Within Eucalyptus s. s., the large ITS study of Steane et al. (2002) showed that, while the major subgenera defined by Brooker (2000) (subgenus Eucalyptus, subgenus Symphyomyrtus, and subgenus Eudesmia) were well-differentiated (Fig. 4) , only Eudesmia appeared to be monophyletic (see also Gibbs et al. 2009 ). The previously recognized small subgenus Minutifructus (subgenus Telocalyptus of Pryor and Johnson (1971) comprising four tropical boxes species (including the extra-Australian E. deglupta) was a grouping of diverse lineages nested within Symphyomyrtus, and its over-ranking was confirmed with a subsequent cpDNA phylogeny (Whittock et al. 2003) ; see also Ladiges and Udovicic (2005) . Symphyomyrtus is the largest subgenus of Eucalyptus s. s. The majority of the world's eucalypt plantations involve species from this subgenus (Eldridge et al. 1993 ) and the three species for which genome sequencing is in progress belong to it (E. grandis from section Latoangulatae; E. camaldulensis from section Exsertaria, and E. globulus from section Maidenaria; Fig. 4 ). The relationships of species within this subgenus are, thus, important to understand and are the subject of ongoing research ; Rebecca Jones personal communication). The intersectional affinities emerging from molecular phylogenetics of subgenus Symphyomyrtus differ markedly from historical perspectives (Brooker 2000; Ladiges 1997; Pryor and Johnson 1981) . In Steane et al. (2002; only section Maidenaria appeared to be monophyletic. Sections Exsertaria and Latoangulatae were poorly differentiated, suggesting that they may need to be combined into a single section. Together, these three sections were well differentiated from the other major sections in the subgenus. The largest section, section Bisectae, was polyphyletic and divided into two distinct lineages, one of which had clear affinities to the clade that included section Adnataria and section Dumaria. Harrington and Gadek (2004) Phylogenetic relationships within the Eucalyptus sections Below the sectional level in Eucalyptus, molecular phylogenies using ITS (Table 4) are poorly resolved (e.g., subgenus Symphyomyrtus section Maidenaria; Steane et al. 1999 Steane et al. , 2002 . Enhanced resolution was achieved by integrating ITS, ETS, and chloroplast sequence with morphological data in a recent phylogeny of subgenus Eudesmia (Gibbs et al. 2009 ). At these phylogenetic levels, more variable and robust marker systems are required to avoid problems with duplication (paralogy), recombination, single gene bias, and lack of sequence variability. High-throughput genome-wide SNP arrays or next-generation genotyping-by-sequencing approaches have the potential to offer such systems with very large numbers of markers of known position and function. Genome-wide genotyping with high-density marker systems have already been tested in Eucalyptus. Genotyping using AFLPs and the newly developed and mapped DArT markers (Sansaloni et al. 2010) show great promise for robust phylogenetic reconstruction at multiple scales (McKinnon et al. 2008; Steane et al. 2011) (Fig. 4) . McKinnon et al. (2008) used 930 AFLPs to examine relationships among Tasmanian taxa of section Maidenaria. Analyses resolved species into clusters largely concordant with series defined in the most recent taxonomic revision of Eucalyptus (Brooker 2000) . Some departures from current taxonomy were noted, indicating possible cases of morphological convergence and character reversion. Although the resolution obtained using AFLP was greatly superior to that of single sequence markers, the data demonstrated high homoplasy and incomplete resolution of closely related (2000) and clades within subgenus Symphyomyrtus follow those identified in . The alignment of the subgenera names with previous classifications is detailed in Table 1 of Byrne (2008) . The
DArT phylogeny provided results that were largely congruent with traditional taxonomy and ITS-based phylogenies, but provided more resolution within major clades than had been obtained previously. Most of the industrial plantations of the world are based on just a few eucalypt species and their hybrids, and the nine main species are indicated (Harwood 2011) species. However, this is the level at which molecular phylogenetics and population genetics (see Section "Molecular population genetics") intersect, with continuous variation often occurring between closely related taxa. Population genetic approaches are increasingly being used to resolve the phylogenetic affinities and differentiation of species, particularly at the intra-series levels (e.g., Byrne 2008; Cook et al. 2008; Drummond et al. 2000; McKinnon et al. 2005; McKinnon et al. 2008; Ochieng et al. 2007a; Percy et al. 2008) . In eucalypts, the frequent occurrence of geographic replacement series involving closely related taxa argues for recent speciation through allopatric processes Byrne 2008; Ladiges 1997 ). Geographically isolated species or subspecies can usually be differentiated on neutral molecular markers Byrne 2008; Byrne and Macdonald 2000; Jones et al. 2002; Le et al. 2009; McDonald et al. 2009 ). However, when co-occurring, such closely related species are often poorly differentiated, e.g. Corymbia (Ochieng et al. 2010; Shepherd et al. 2008a) , Eucalyptus (Holman et al. 2003; Jones et al. 2002) , although there are exceptions which argue for barriers to gene flow, e.g. Eucalyptus (McGowen et al. 2001) and Melaleuca (Broadhurst et al. 2004 ). Many recognized taxa form species complexes in which morphological and molecular variation is continuous, and there is often incongruence between molecular signals of phylogenetic relatedness and morphological and ecological divergence, e.g. Myrceugenia fernandeziana (Jensen et al. 2002) ; Metrosideros polymorpha (James et al. 2004 , Harbaugh et al. 2009 ); Eucalyptus angustissima complex (Elliott and Byrne 2004 ); E. globulus (Jones 2009; Jones et al. 2002) . Such discrepancies are no better exemplified than in a recent study of five species in the Hawaiian Metrosideros complex (Harbaugh et al. 2009 ), which suggests that major taxonomic revisions would be required to reflect the genetic structure revealed by microsatellite markers.
Evolution at lower taxonomic levels in Eucalyptus-species complexes A number of nuclear microsatellite studies are also revealing an absence of consistent differentiation between closely related, co-occurring species in Corymbia (Ochieng et al. 2008 (Ochieng et al. , 2010 Shepherd et al. 2008a ) and in Eucalyptus (Holman et al. 2003; Hudson 2007; Le et al. 2009 ). The spotted gums (genus Corymbia, section Politaria) show a species replacement series along the eastern seaboard of Australia, with distributions marked by regions of disjunction and sympatry. These populationbased microsatellite studies showed that the southern C. maculata was resolved as a taxon. Three geographically concordant clusters were evident within the more northern taxa, but the alignment with taxonomic groupings was poor. The large-fruited spotted gum eucalypt Corymbia henryi occurs sympatrically with small-fruited spotted gum C. citriodora subsp. variegata over a large portion of its range on the east coast of Australia. However, these taxa could not be differentiated with microsatellites. In fact, differentiation between populations of the same taxon was greater than between co-occurring taxa (Ochieng et al. 2008) . A similar situation is evident in Eucalyptus among the endemic peppermints (series Piperitae subgenus Eucalyptus), which are poorly differentiated in chloroplast and nuclear (Sale et al. 1996; Turner et al. 2000) DNA markers. In a more extreme case, two morphologically very distinctive species, Eucalyptus amygdalina and Eucalyptus risdonii, growing on a single hill exhibited as much molecular differentiation between populations within species as there was between species (Sale et al. 1996) . Morphological differentiation in the absence of neutral marker differentiation argues for recent divergence and a genic view of speciation, with observed phenotypic differences attributable to rare differences in the genome or resulting from epistatic interactions (Ochieng et al. 2010) . At these lower taxonomic levels, recent adaptive radiation may be superimposed on historical and/or contemporary gene flow, with molecular phylogenetic reconstruction complicated by (1) shared ancestral polymorphisms (e.g., lineage sorting), (2) an inherent low rate of divergence in the sequences studied, (3) recent rapid radiation of species, (4) small population processes (drift and inbreeding), and (5) hybridization (Byrne 2008; Cook et al. 2008; Gibbs et al. 2009; McKinnon et al. 2001a; Percy et al. 2008; Steane et al. 1999 ).
Hybridization and reticulate evolution Reticulate evolution appears to be occurring in many of the Myrtaceae lineages and may well explain some of the discrepancies between plastid and nuclear marker phylogenies. Natural and artificial hybridization are well documented for several genera such as Corymbia (Barbour et al. 2008) .
Species of Corymbia and Angophora are unable to hybridize with Eucalyptus (Barbour et al. 2008; Ellis et al. 1991; . Within Eucalyptus, hybridization does not occur between the major subgenera. Within these subgenera, intra-sectional hybridization is more common than inter-sectional hybridization in nature, and endogenous post-zygotic barriers to hybridization are generally weaker within than between sections Potts and Dungey 2004; Myburg et al. 2004 ). There are numerous examples of hybrid swarms and zones of intergradation between species from the same section in the wild Pryor and Johnson 1971; Sale et al. 1996) as well as increasing molecular evidence of reticulate evolution in Eucalyptus (Byrne 2008; Byrne and Macdonald 2000; Jackson et al. 1999; McKinnon et al. 2001a McKinnon et al. , 2004a and other Myrtaceae genera, e.g., Metrosideros (Gardner et al. 2004) and Melaleuca (Cook et al. 2008) . Gene flow between divergent lineages may impact phylogenetic reconstructions, particularly when based on plastid sequences, which are maternally inherited. Chloroplast haplotype distributions more reflect geography than species boundaries in many eucalypt groups (McKinnon et al. 2001a; Nevill et al. 2008; Steane et al. 1998) , although this pattern may be due to either lineage sorting or chloroplast capture through hybridization (Byrne 2008) . However, in the most studied eucalypt examples, there was strong evidence that the widespread E. globulus has captured the chloroplast of the rare endemic E. cordata on the island of Tasmania (McKinnon et al. 2004b) . Only a trace of introgression was detected in the nuclear genome using AFLP markers, and selection appeared to determine which DNA fragments persisted . Nevertheless, despite chloroplast capture and some AFLP marker sharing due to introgression, there was no overlap in the genome-wide nuclear genotypes of these two species (McKinnon et al. 2008 .
Dating phylogenetic divergence With the great diversification and widespread distribution of the Myrtaceae across three Gondwanan continents, a major challenge is linking molecular phylogenies with fossil, geological, and biogeographic evidence to date the evolutionary radiation of the Myrtaceae. A recent study using "relaxed clock methodology" dates the crown of the Myrtales lineage at between 89 and 99 Mya (million years ago) . Several studies attempt to date the deep lineage divergence within the order Myrtales. Sytsma et al. (2004) identified two major chloroplast rbcL lineages within the Myrtales, one of which included the Myrtaceae lineage, and argued that the ancestor of the order evolved in the mid-Cretaceous (ca. 100 Mya) in Southeast Africa (west Gondwana), rather than in Australasia. The Myrtaceae lineage (as defined with the chloroplast sequences from matK, ndhF, and rbcL) was dated at 70-80 Mya, and they argue it diversified in Australasia with more recent shifts to the Americas, Africa, the Mediterranean (e.g., 30 Mya), and possible subsequent dispersals back to Australasia. The majority of the genera they sampled were thought to be present by the midOligocene at 30 Mya. A recent study by Biffin et al. (2010) produced age estimates for the divergence of the various tribes comparable in many cases with those obtained by Sytsma et al. (2004) , but there were several discrepancies.
Dating the eucalypt lineage
The eucalypt lineage appears to have diverged early within the subfamily Lepidospermoideae [late Cretaceous; Sytsma et al. (2004) ]. ITS-derived chronograms suggest that the two major lineages-Angophora/ Corymbia and Eucalyptus-diverged about 60 Mya and the major subgenera 46-41 Mya (Eocene) (Crisp et al. 2004 ). The occurrence of probable fossil fruit tentatively assigned to subgenus Symphyomyrtus in South America of Early Eocene age (52 Mya) (Wilf et al. 2003 ) falls between these ages. Molecular dating suggests that diversification of the eucalypt lineage proceeded steadily for at least 30 million years prior to Australia becoming isolated from Antarctica (Crisp et al. 2004) . Sections within subgenus Symphyomyrtus appear to have diverged 30-13 Mya. Diversification within sections coincided with the onset of a drier more seasonal climate on the Australian continent between 25 and 15 Mya, and more recent divergences coincide with the onset of severe aridity about 3 Mya. More recent dates are given for sectional-level divergence and that of specific taxa (e.g., E. deglupta) within Symphyomyrtus by Ladiges et al. (2003) . There is also evidence of more recent speciation and diversification of eucalypts through the climatically unstable Quaternary (0 to 2.6 Mya) (Byrne 2007 (Byrne , 2008 McKinnon et al. 2004a ). However, there are clearly many uncertainties associated with dating molecular phylogenies Crisp et al. 2005; Ladiges and Udovicic 2005) , which will no doubt be better resolved in the near future. Phylogenetic analyses based on whole-genome re-sequencing of a number of species in the eucalypt lineage should prove extremely informative to this end.
Molecular population genetics
Genetic diversity Numerous studies of genetic diversity have been carried-out in Myrtaceae, particularly as it relates to endangered, rare, fragmented, overharvested, or economically important species (see Table 5 ). Genetic diversity was low while genetic differentiation was high in the endangered Metrosideros boninensis of West Pacific Islands (Kaneko et al. 2008) , thus indicating that, to conserve its genetic diversity, many populations need to be conserved. The level of genetic variation in Italian populations of Myrtus communis was highly correlated with the size of the population (r00.92), which appears to be caused by overharvesting of native populations for liquor production (Agrimonti et al. 2007 ). However, in many species, there is only a weak or no correlation between genetic diversity and population size, e.g., in Myrciaria floribunda, a common tree species in the Amazonian Atlantic Forest (Franceschinelli et al. 2007) or in Luma apiculata a tree species in north-western Patagonia (Caldiz and Premoli 2005) , probably because the cause of the decrease in population size is relatively recent. It is important to characterize germplasm collections with molecular methods in order to manage genetic diversity and correct pedigree errors, e.g. Ugni molinae (Seguel et al. 2000) ; Feijoa sellowiana (Nodari et al. 1997) and/or decide on a sampling strategy for a new breeding Verticordia staminosa Allozyme 10 Yates et al. (2007) program (e.g., E. dysenterica (Zucchi et al. 2003 ) (see Section "Molecular breeding")).
Mating system and gene flow The Myrtaceae flower is hermaphrodite, which increases the possibility of selfing. While most studied species appear to have a mixed-mating system, there is tremendous variation in outcrossing rates between species and plants within species, e.g., Eugenia uniflora ( While some species of Syzygium use apomixis, this may be rare in the family (Lughadha and Proenca 1996) . Most Myrtaceae are pollinated by animals; this includes insects, birds, bats, and even mammal (Southerton et al. 2004 ) and lizards, in rare cases (Godinez-Alvarez 2004) . Thus, the mating pattern and gene flow of any one species and/or population can be highly idiosyncratic. For example, even though fragmentation is generally found to increase inbreeding, it may result in enhanced pollen flow (Mimura et al. 2009 ) or increased levels of seed-mediated gene flow ) in some cases, although these "positive" effects were probably insufficient to counteract the genetic erosion caused by habitat destruction. In eucalypt, pollen dispersal is believed to be much more important for gene flow than seed dispersal (Byrne 2008 ). This may be because eucalypt seed does not have special adaptation for dispersal, and thus, in genera that are fleshy fruited and/or those that have winged seeds (Metrosideros), this could be quite different.
Genetic structure The study of genetic structure within species is important in order to help elaborate conservation measures, design germplasm collection, structure breeding populations, and/or association genetic studies. In many Myrtaceae species, such as in the fleshy-fruited, Myrceugenia fernandeziana, genetic distance between populations is correlated with geographic distance (Jensen et al. 2002) , and significant population structure, as measured by F ST or G ST , has been found in many of these, but the large number of studies in the eucalypts (reviewed by Byrne 2008; Moran 1992; Potts and Wiltshire 1997) allow some generalizations to be made. Species with large population size and lack of disjunction tend to have low differentiation (Le et al. 2009; Shepherd et al. 2008a; Shepherd and Raymond 2010) while those with large disjunction (Rathbone et al. 2007 ) or small population size or both (Byrne and Hopper 2008) tend to have higher differentiation. For example, a high level of differentiation, G ST 00.61 (Bruna et al. 2007) , is found between the highly disjunct populations of M. communis around the Mediterranean. These populations can be grouped into geographically consistent clusters (Bruna et al. 2007) , and within clusters, further subdivision between bioclimatic zones is possible (Messaoud et al. 2007 ). This is similar to that found in E. globulus, where a race classification based on quantitative traits has been nearly validated using simple sequence repeats (SSR) markers (Steane et al. 2006b ) even though F ST in this species was much smaller (F ST 00.09). That study showed that analysis of population structure using, presumably neutral, molecular markers can be complemented by analysis of quantitative traits in field trials (F ST vs Q ST ), which allows detecting the effect of natural selection on population differentiation (Steane et al. 2006b ).
Genetic structure in plant species may also be found to coincide with ecotone boundaries. In the case of the dwarf ecotype of E. globulus, which is found on three exposed granite headlands in south-eastern Australia (Foster et al. 2007 ), analysis of molecular markers and flowering time found that the dwarf populations had evolved in parallel from the local tall ecotypes. This study showed that small marginal populations of eucalypts were capable of developing reproductive isolation from nearby larger populations, making parapatric speciation possible. In the case of Metrosideros polymorpha, a Hawaiian endemic known for its high levels of morphological diversity and localized adaptation, a molecular study was undertaken across ecotones from bogs to forests on multiple islands, sampling individuals exhibiting morphological extremes within a few meters of each other. Partitioning of the genetic diversity indicated that the between-islands variation was smaller than the variation resulting from microhabitat types within islands (Wright and Ranker 2010) .
Genetic structure can also be found within populations. For example, there is a strong correlation between genetic and geographic distance between trees of the fleshy-fruited E. dysenterica, and this is best explained by restricted gene flow (Zucchi et al. 2004) , thus even though its seeds are dispersed by animals, limited dispersal causes the genetic variation to be structured. In eucalypts, molecular markers combined with spatial autocorrelation analysis often reveals clustering of related individuals (family group), which is usually believed to be due to poor seed dispersal (Byrne 2008) . A study of different-aged cohorts of individuals (mature trees vs. small suppressed seedlings) within E. globulus forest using microsatellite markers allowed detection of a shift in the spatial distribution of the family structure of approximately 10 m between the two cohorts. As this shift coincided with the prevailing winds direction, it was argued to be due to limited effective seed dispersal (Jones et al. 2007 ).
Phylogeography There is a need for more southern hemisphere phylogeography studies (Beheregaray 2008) , and the family Myrtaceae with its strong southern distribution offers many good candidates. Chloroplast DNA has been the main source of phylogeographic information. In Eucalyptus, the junction of the large single copy with repeat A (JLA region) of the chloroplast has been useful to study species in subgenus Symphyomyrtus (Freeman et al. 2001; Vaillancourt and Jackson 2000) , while chloroplast microsatellites have proven useful in subgenus Eucalyptus Nevill et al. 2010) . The mitochondrial genome has not been used in phylogeographic studies in Myrtaceae, to our knowledge.
The first phylogeographic study in Myrtaceae using chloroplast RFLP markers was in E. nitens (Byrne and Moran 1994) . Much of the variation within the species was due to population differentiation. In a follow-up study, Steane et al. (1998) found that the biogeographic distribution of chloroplast haplotypes in E. nitens was best explained by invoking a combination of processes including interspecific hybridization and convergent evolution in addition to drift in isolated populations. Biogeographic as well as phylogenetic conclusions must be drawn carefully in genera such as Eucalyptus where the propensity of closely related species to hybridize must be taken into consideration. However, this has not prevented single-species studies from being informative. For example, migration of E. globulus onto the island of Tasmania is believed to have occurred through a land bridge connecting the west coast of Tasmania to the mainland which formed during glacial periods (Freeman et al. 2001) . A study of E. regnans, which occupies some of the same regions as E. globulus, provided further evidence for migration by seed through the western side of the land bridge connecting Tasmania to the mainland, during glacials (Nevill et al. 2010) . In both studies, regions of low chloroplast (haplotypes) diversity were interpreted as indicating recolonized areas since the last glacial maximum and regions of high diversity to indicate putative glacial refugia. In Australia, the climate during the last glacial maximum was not only colder but also drier, which had a strong impact even in more temperate regions such as western Australia (Byrne 2007; ) and northern Australia. E. urophylla is endemic to islands in eastern Indonesia, which are believed to have never been in direct contact with continental Australia (Payn et al. 2007 ). In a cpDNA study, the islands nearest Australia harbored the greatest diversity while those further west were more depauperate, consistent with either an east-to-west colonization, or possibly, hybridization (Payn et al. 2007 ). Analysis of nuclear microsatellite could not resolve the issue (Payn et al. 2008) .
Metrosideros is a genus of Myrtaceae found on oceanic islands across the Pacific from the Philippines, south to New Zealand, and north east to the Hawaiian Islands, which has also received attention in biogeographic studies. Chloroplast haplotype diversity was found to be low in extra-refugial areas, compared with a greater complexity in the vicinity of the putative glacial refugia. As seen in some eucalypts (McKinnon et al. 2001a (McKinnon et al. , 2004a , the sharing of chloroplast haplotypes between different species of Metrosideros in New Zealand suggested a history of recurring hybridization and introgression, possibly initiated during periods of refugial confinement (Gardner et al. 2004) . M. excelsa populations were analyzed using AFLP, and there was no evidence of greater genetic variation in areas of New Zealand that have been proposed to be glacial refugia in contrast to cpDNA studies (Broadhurst et al. 2008) . Despite having small winged seeds potentially providing for some long distance dispersal, the general pattern of chloroplast variation in Metrosideros across the Hawaiian Islands suggests that islands on a chain were mostly colonized once, followed by in situ diversification before further colonization occurred down the chain (Percy et al. 2008) . However, microsatellite analysis suggest that more complicated scenarios are more likely, with genetic and morphological diversity structured not simply by distance and species barriers, but also involving parallel evolution, in addition to hybridization (Harbaugh et al. 2009 ). In Metrosideros, greater diversity in chloroplast DNA does not imply greater diversity in nuclear markers. The same phenomenon has been found in Eucalyptus, and this may in part be due to greater pollen dispersal than seed dispersal, which may be especially effective in promoting genetic cohesion in widespread species (e.g., ).
Transcriptomics, proteomics, and metabolomics
Transcriptomics and EST databases Genomic resources in the form of EST collections have been created for species of Eucalyptus. Initial EST sequencing efforts were based on cDNA libraries derived from different tissues, and developmental stages, and individuals and species have been partially sequenced, resulting in EST datasets. These datasets have enabled the identification of the DNA sequences of expressed genes, levels of gene expression, and alternative splicing forms from identical loci. The generation of such collections has now become easier through next-generation sequencing technologies, in which the cloning step is omitted and tens of thousands of ESTs can be sequenced simultaneously. Sequencing of ESTs has been carried out either randomly, to generate an index of expressed genes, or has been directed, to discover genes that are selectively expressed typically with a focus on wood formation or abiotic or biotic stresses. Whereas EST databases are a rich resource by themselves, they are even more important when (Grattapaglia et al. 2004a) , and Arborgen Inc. (USA 218,000 ESTs), (Poke et al. 2005) ]. A number of EST projects focused on cold stress and wood formation in Eucalyptus. Keller et al. (2009) sequenced 13,056 ESTs and annotated 11,303 of these from cold-acclimated leaves from E. gunnii to discover expressed genes involved in cold tolerance. Their data suggest that eucalypts utilize carbohydrate accumulation and membrane modification for cell protection in cold stress. Furthermore, they described 57 transcription factors that are expressed in cold acclimation (Keller et al. 2009 ). Rasmussen-Poblete et al. (2008) sequenced 9,913 ESTs from cold-stressed seedlings of E. globulus and discovered all known genes involved in lignin biosynthesis in their library, as well as 11 transcription factor families. An EST database from developing xylem and two subtractive libraries from mature vs. juvenile wood in E. grandis with 9,222 ESTs was also published (Rengel et al. 2009 ). The EST and unigene collection that resulted from this project is named EUCAWOOD and is enriched in genes involved in wood formation (www.polebio.scsv.ups-tlse.fr/ Eucalyptus/eucawood/, accessed on 1/4/2011). It can be downloaded completely or used for BLAST searches and searches for tissue-specific expression. The database is a large resource for genes related to wood formation, and 141 transcription factors from 41 transcription factor families were discovered. A set of 639 putative EST-SSRs was identified from this database. These genetic markers are a potentially valuable resource for gene-trait association studies, especially for wood traits. The EUCAGEN (Eucalyptus Genome Network) database (web.up.ac.za/eucagen/default. aspx?a101) presents a summary of the EST databases described above, as well as a link to the current 8× draft assembly of the Eucalyptus grandis genome. A combination of lower sequencing costs and the availability of a reference genome will lead to an increase in the number and value of EST discovery projects.
Next-generation sequencing resources
The first study to use next-generation sequencing technologies to generate a large EST collection for an uncharacterized plant genome was published with E. grandis (Novaes et al. 2008) . Over one million ESTs derived from three 454 runs of xylem RNA collected from 21 individuals sampled in seven unrelated open-pollinated families of E. grandis demonstrated the power of this approach to rapidly and inexpensively generate whole transcriptome information and reveal thousands of potential SNP markers. The sequence reads were assembled into 71,384 contigs, 5,838 of which were more than 500 bp long. Next, the 454 sequences were compared with 86,328 ESTs generated in the Genolyptus project by Sanger sequenced ESTs assembled in 21,432 contigs (Grattapaglia et al. 2004a ). This enabled a detailed comparison of the two sequencing technologies. Whereas 84% of the Sanger contigs had a homolog in the 454 dataset, only 41% of the 454 contigs found a match in the Sanger sequences. This may be due to the combined effects of greater gene coverage in the 454 dataset together with shorter contigs within the same dataset that could not be matched to the longer Sanger contigs (Novaes et al. 2008) . Estimates of the ratio of nonsynonymous SNPs per non-synonymous site (Ka) to synonymous SNPs per synonymous site (Ks) revealed whether genes were under purifying selection. Within 2,001 contigs, the average ratio of Ka/Ks was 0.3, indicating purifying selection acting on most of the expressed genes. Most gene ontology (GO) categories that could be assigned from these contigs were under purifying selection as well (Novaes et al. 2008 ).
Külheim and co-workers used 454 sequencing to discover SNPs associated with plant defense traits in Eucalyptus. Twenty-three loci over approximately 50 kb were sequenced from bulk DNA from about 450 individuals of four species of Eucalyptus (Külheim et al. 2009 ). A total of 8,631 SNPs were discovered and, on average, the studied loci contained between one SNP per 16 bp for E. camaldulensis-the highest density of SNPs found in any forest tree so farand one SNP per 33 bp for E. nitens. This was significantly greater than Novaes' study where one SNP was found in every 192 bp, probably because Külheim et al. studied many more individuals derived from sampling a much wider geographical distribution and also sequenced both introns and exons at a greater depth. The density of SNPs in other forest trees are somewhere between these estimates with one in 25 bp for Quercus crispula (Quang et al. 2008 ) and one in every 60 bp for Populus tremula (Ingvarsson 2005 ). E. camaldulensis grows naturally across most of mainland Australia and has the largest natural distribution of all Eucalyptus species. The dataset from Külheim et al. contains 456 individuals from 93 populations across the geographic range (Külheim et al. 2009 ). There are natural barriers between populations that may have led to large genetic diversity within the species McDonald et al. 2009 ) and the occurrence of rare SNPs. Most studies that have genotyped individuals or estimated nucleotide diversity focus on a smaller number of population and individuals. This study shows that, to characterize these parameters, best results can be achieved when sampling across the geographic range. Also, with one SNP in every 16 bp on average, primers for regular PCR or SNP assays based on oligonucleotide hybridization followed by PCR may not work on all individuals of that species.
Recently, ultra-deep Illumina mRNA sequencing was used to de novo assemble an expressed gene catalog for a fast-growing E. grandis×E. urophylla F 1 hybrid clone. The database contained 17,945 contigs larger than 200 bp (average length of 1,193 bp) and total size of 22 Mbp. Each contig was associated with annotations by homology to other angiosperm genes, as well as functional annotations using GO, KEGG, and Pfam terms. More than 80,000 polymorphic SNPs were identified with a minimum of 20× sequence coverage and average spacing of one SNP per 193 bp in the hybrid transcriptome (Mizrachi et al. 2010) . A similar approach was used to generate more than 48,000 de novo contigs (ESTs) with an average length of 560 bp for E. camaldulensis seedlings subjected to water stress to specifically reveal gene transcripts related to this phenotype for association genetics studies. More than 250,000 SNPs from several thousand genes were identified (Thumma and Southerton, unpublished) . All these large EST datasets, and additional ones currently in progress, together with the existing ones derived from Sanger sequencing, will be key elements to support the E. grandis genome annotation effort with transcriptional evidence.
Gene expression studies Various methods with medium to high-throughput have been used to quantify transcript abundance in species of Eucalyptus. Several different platforms were employed, e.g., microarrays (Barros et al. 2009; Solomon et al. 2010) , in silico analysis of EST databases (Vicentini et al. 2005) , sequencing of cDNA libraries on next-generation sequencers (Külheim 2010) , serial analysis of gene expression (De Carvalho et al. 2008; Moon et al. 2007 ) and cDNA-amplified fragment length polymorphism (Ranik et al. 2006) . Several of these studies aimed at providing candidate genes to be tested in association genetics experiments (see Section "Gene discovery and association genetics"). Solomon et al. (2010) investigated the temporal regulation of genes in developing xylem in Eucalyptus and found that 217 transcripts (8% of the transcripts on the microarray) were influenced by diurnal stimuli. Those genes were involved in carbon allocation, hormone signaling, stress response, and wood formation. Using a suppression subtractive hybridization (SSH) library between xylem and leaves of E. gunnii, Paux et al. (2004) discovered 181 transcripts which were confirmed by RT-PCR that were preferentially expressed in differentiating secondary xylem. Interestingly, many of these transcripts had either "no hit" (44%) or "unknown function" (17%) when compared with published databases, indicating the discovery of novel genes. Not surprisingly, a large proportion of the discovered transcripts belong to two cellular processes, cell signaling, and cell wall biogenesis (Paux et al. 2004 ). The same group also investigated which genes were involved in the formation of tension wood and found 196 genes with differential expression patterns (Paux et al. 2005) . A cellulose synthase gene was found to play a key role in the formation of the G-layer in response to bending. Foucart et al. (2006) created a SSH library between xylem and phloem. Of the 263 differentially expressed genes, 87 were upregulated in xylem. These genes were involved in hormone signaling and metabolism, secondary cell wall synthesis, and proteolysis. Gene expression was studied in E. nitens branches oriented at 45 degrees using microarrays containing 4,900 xylem cDNAs. Wood fiber characteristics were analyzed by Xray diffraction, and chemical and histochemical methods. Expression of two closely related fasciclin-like arabinogalactan proteins, and a beta-tubulin was inversely correlated with microfibril angle in upper and lower xylem from branches, and some important genes involved in responses to gravitational stress in eucalypt xylem were identified (Qiu et al. 2008) .
The future of global transcript profiling will likely be via next-generation sequencing as the costs are comparable to those of microarrays but with a greater range and sensitivity (Shendure 2008) . Two methods are currently applied to the analysis of global transcriptomes with next-generation sequencing: The first method is applicable for non-model species and assembles the reads into contigs, followed by annotation from public databases (Külheim 2010) . The alternative approach aligns the reads directly to a reference genome. Whereas the major source of error in microarray approaches is cross-hybridization, in next-generation sequencing-based approaches, errors can arise during assembly of short reads against a reference genome, which can lead to false alignments. For species of Eucalyptus, this is now possible by using the 8× draft assembly, and possibly, an approximation could be attempted for other closely related Myrtaceae from the same tribe.
Proteomics Proteomic analysis in eucalypts has thus far also focused on wood formation, but the field is in its infancy with just one paper published (Celedon et al. 2007 ). Proteomic studies benefit greatly from access to an annotated genome or to extensive EST resources from which a protein database can be created. This can be used with proteomics data derived from the detection of digested proteins via LC-MS/MS. This approach has been used successfully in other species including Sitka spruce (Lippert et al. 2007 ) and poplar (Plomion et al. 2006) . In eucalypts, the increasingly large EST resources and the upcoming reference genome sequence of E. grandis will lead to new opportunities in the field of proteomics. Once a large protein database has been created, studies of the proteome involved in wood formation or the structural proteins responsible for secondary metabolites, two appealing targets in Eucalyptus, will become feasible.
Metabolomics The family Myrtaceae is well known for a wealth of secondary metabolites. These include flavonoids and tannins, some of which have antimicrobial properties (Martos et al. 2000; Okamura et al. 1993) , for example, terpenes (essential oils) (Keszei et al. 2008 ) and a group which is unique to eucalypts, the formylated phloroglucinol compounds (FPC) (Eschler et al. 2000) . The FPCs are particularly important in ecological interactions as feeding deterrents of marsupial herbivores such as the koala (Moore et al. 2005) , common brushtail possum (Scrivener et al. 2004) , and to some insects (Andrew et al. 2007) . Little is known about the biosynthesis of the FPCs, and the Eucalyptus genome sequence may direct us to the enzyme family responsible for their biosynthesis. There are few metabolomic studies of Eucalyptus with most focused on cataloging broad groups of secondary metabolites including essential oils (terpenes) and flavonoids and some wood chemicals. Tucker et al. (2010) have recently used 1 H NMR as an unbiased approach for quantification of the eucalypt metabolome in~130 species to identify new compounds associated with resistance to mammalian browsing. Metabolomic studies have also been developed with Melaleuca alternifolia, which is the source of medicinal tea tree oil. These studies include, gene discovery (Keszei et al. 2010a,b) , gene expression and identification of quantitative trait nucleotides (QTN) in relation to foliar terpene yield (Webb, Külheim and Foley unpublished) . A further species, M. quinquenervia, is highly invasive and is regarded as one of the world's worst woody weeds. In the Florida Everglades a successful biological control program has been established that provides excellent opportunities for genomic studies of insect herbivory (Padovan et al. 2010) .
Eucalypts may prove to have a greater number of secondary metabolism genes than other annotated genomes. Velasco et al. (2007) made an inter-species comparison of gene numbers within secondary metabolism pathways of Vitis vinifera, which, like Eucalyptus is rich in terpenes and flavonoids. They found that gene copy numbers in pathways of secondary metabolism were higher than those in poplar and much higher than those in Arabidopsis. Grape has 14 copies of the phenylalanine ammonia-lyase (PAL) and 10 copies of flavonoid 3',5'-hydroxylase (F3'5'H), more than any other species investigated thus far (Velasco et al. 2007) . In Arabidopsis, all but one gene in the flavonoid biosynthetic pathway are present as single copy.
To illustrate the potential richness of secondary metabolism genes in eucalypts, we have made a preliminary analysis of the terpene synthase (TPS) family, which is responsible for the diversity of terpenes in plants and which has been well characterized elsewhere (Bohlmann et al. 1998) . Arabidopsis was reported to contain 32 TPS genes, plus 8 pseudogenes (Aubourg et al. 2002) ; P. trichocarpa has 47 TPS genes (Tuskan et al. 2006) ; Oryza sativa has 15 plus 2 pseudogenes (Goff et al. 2002) ; and Vitis vinifera 89 plus 27 pseudogenes (Jaillon et al. 2007) (Table 6 ). BLAST searches within each of these genomes revealed similar numbers except for rice, where we discovered 46 TPS genes. A BLAST search in the E. grandis genome revealed 120 putative TPS genes plus 17 pseudogenes (Table 6 ). In all TPS subfamilies, E. grandis has equal number of genes to grape or more, except for the diterpene synthases (diTPS), where there are only two copies in eucalypts. Such a preliminary analysis, however, requires due caution because over-or underestimates could arise from pseudogenes, heterozygosity of the genome, and lack of completeness of the genome. For all species, genes with a single stop codon were maintained in the functional group. Furthermore, plant genomes with low sequence coverage, such as grape and Eucalyptus, may still contain a number of sequencing errors leading to falsely assigned stop codons. Although heterozygosity could also lead to an increase in gene numbers, it should be noted that most TPS genes occur in large gene clusters of up to 11 copies in E. grandis and that most of these tandem repeats are more closely related to each other than to genes from other clusters. Nonetheless, this does hint at some of the interesting analyses that will be possible once the E. grandis genome will be fully annotated. Table 6 Number of TPS loci in annotated genomes and putative loci in E. grandis a Arabidopsis (Aubourg et al. 2002) ; poplar (Tuskan et al. 2006) ; rice (Goff et al. 2002) ; grape (Jaillon et al. 2007 Genetic mapping, QTL, and eQTL identification By far, the majority of growth, quality, and adaptive traits of interest to plant breeders is quantitative in nature and affected by genetic variation at many loci throughout the genome as well as by the environment and their interactions. Genome-wide dissection of quantitative traits require the construction of complete genetic linkage maps with sufficient genomic coverage and large segregating populations to allow detection of moderate to large effect QTLs. In this section, we review the status of genetic linkage map construction in species and genera of the Myrtaceae. We also review the use of those maps to analyze the genetic basis of quantitative trait variation at the level of the genome in approaches that have recently included quantitative data from highthroughput gene expression profiling experiments with the aim of identifying individual genes underlying trait variation.
Linkage mapping of Myrtaceae genomes The first complete genetic linkage maps produced in the Myrtaceae, for E. grandis and E. urophylla , were also some of the first produced for forest tree species and indeed for all woody plants. Linkage mapping efforts to date have been almost exclusively carried out in species of Eucalyptus (Table 7) . Besides a few maps generated using RFLP technology (Byrne et al. 1995; Thamarus et al. 2002) , most maps were enabled by PCR-based marker systems such as RAPD and AFLP analysis (Gan et al. 2003; Grattapaglia and Sederoff 1994; Marques et al. 1998; Myburg et al. 2003; Verhaegen and Plomion 1996) . The availability of widely segregating intra-and interspecific crosses and the two-way pseudo-testcross mapping approach allowed the use of dominant markers and inbred line mapping models in outbred forest tree pedigrees. The anonymous nature of the RAPD and AFLP markers and low proportion of shared polymorphism limited the transfer of linkage information across mapping pedigrees. More informative, codominant markers such as isozymes, RFLPs, and ESTs were indeed successfully used to map eucalypt genomes (Byrne et al. 1995; Gion et al. 2000; Thamarus et al. 2002) but did not provide the levels of polymorphism and throughput required for routine mapping in multiple pedigrees. It was only with the more recent development of large numbers of highly polymorphic microsatellite (or SSR) markers for Eucalyptus (Brondani et al. 1998 (Brondani et al. , 2006 Glaubitz et al. 2001; Ottewell et al. 2005; Steane et al. 2001 ) that comparative mapping could be performed and linkage map synteny established across multiple pedigrees (Brondani et al. 2006; Freeman et al. 2006; Marques et al. 2002; Hudson et al. 2011; Kullan et al. 2012 ).
More than 20 genetic linkage maps, generally comprising fewer than 400 dominant and/or codominant markers, have been produced in the Myrtaceae (Table 7 ) mainly for species of the genus Eucalyptus and, in some cases, for F 1 hybrids of these species. Map lengths have ranged from slightly below 1,000 to 2,100 cM depending on the species, marker technology, map coverage, and mapping algorithms used for linkage map construction. Map coverage has generally been greater than 90% allowing efficient genome-wide detection of quantitative trait loci (see below). The focus of linkage mapping in commercially grown species and hybrids of Eucalyptus reflects the need for the concerted efforts of molecular geneticists and breeders to produce mapping pedigrees and construct linkage maps. Such interactions and marker resources have generally not been established for other Myrtaceae genera. Outside of Eucalyptus, genetic maps have only been constructed in the related genus Corymbia, which is also commercially important in tropical and subtropical regions. Shepherd et al. (2006) used a combination of microsatellite markers transferred from Eucalyptus as well as microsatellite markers developed de novo in Corymbia (Jones et al. 2001 ) to generate genetic linkage maps for the F 1 (Corymbia torelliana×C. citriodora subsp. variegata) hybrid parents of a wide F 2 hybrid pedigree.
Although highly informative, the relatively low multiplex ratio of microsatellites limits their use for rapid high-density genetic linkage mapping required for dissecting QTLs down to the candidate gene levels. In Eucalyptus this limitation was overcome by building a high-density transcript linkage map with 1,845 genes using an SFPs (Single Feature Polymorphisms) microarray (Neves et al. 2011) , and with a 7,680 DArT marker array (Sansaloni et al. 2010 ) used in genetic linkage mapping efforts in South Africa, Brazil, and Australia Kullan et al. 2012; (Table 7) . Several high-density genetic linkage maps with up to 2,500 high-confidence (LOD>3.0) DArT markers in consensus linkage maps of intra-or interspecific hybrid pedigrees have been reported with average marker spacing of~0.5 cM (Fig. 5) . Furthermore, DNA sequences were obtained for almost all of the cloned DArT marker fragments on the array and early indications are that 90% of the mapped markers can be placed uniquely in the draft E. grandis genome sequence. This finding is consistent with the nature of DArT marker analysis, which targets single-copy DNA through the use of a methylation-sensitive restriction enzyme.
High-density linkage maps produced with DArT markers have been applied to guide the assembly of the E. grandis genome sequence scaffolds into 11 superscaffolds, which putatively represent the 11 autosomal chromosomes. The initial 8× coverage assembly of the E. grandis genome comprised 691 Mbp of genome sequence in 6,043 scaffolds. A combination of high-density DArT marker placements and microsatellite loci was subsequently used to anchor Verhaegen and Plomion (1996) E. grandis 95% Verhaegen and Plomion (1996) E. globulus Neves et al. (2011) a F 1 populations refer to two-generation mapping pedigrees with no marker information for grandparents. F 2 populations refer to three-generation pedigrees where marker information is available for at least one grandparent b For single-tree genetic maps, the markers that are polymorphic in each parent are used to produce separate parental maps while, for consensus maps, the linkage information is combined to produce a single consensus marker order for the pedigree c Reported map coverage or minimum estimate were not reported 606 Mbp (88%) of the genome assembly to 11 chromosome models. The first map-based assembly of the E. grandis genome (V1.0, Myburg et al. unpublished) therefore contains 11 large scaffolds that range from 39 to 80 Mbp (average, 55 Mbp) and are cross-linked to the 11 main linkage groups of the E. grandis genome with more than 2,000 DArT and microsatellite markers. The remainder (12%) of the genome assembly is contained in 4,941 smaller, unanchored scaffolds, many of which will be anchored to the main genome scaffolds as additional DArT and microsatellite markers are mapped. The high density of DArT linkage maps and ability to anchor a large proportion of the markers to genome sequences will allow the establishment of a high-resolution genetic framework for the dissection of quantitative traits across eucalypt pedigrees via the anchored markers in the E. grandis reference genome sequence. However, as part of the DArT development process, the transferability of DArT markers between genera (Eucalyptus and Corymbia) was found to be low (Sansaloni et al. 2010) . Dedicated DArT development efforts will therefore have to be initiated to make this technology available for high-density linkage mapping of other genera of the Myrtaceae. Even higher density linkage maps will in future be possible in Eucalyptus with concerted efforts of genome-wide discovery of SNP markers enabled by next-generation DNA sequencing technologies. Nevertheless, the very high frequency of SNPs observed in Eucalyptus will challenge the commonly used SNP genotyping technologies, particularly for multi-species genotyping platforms where the combined SNP diversity of several species need to be (Grattapaglia et al. 2011a ) accommodated (see Section "Molecular marker resources"). Ultimately, the extremely high-throughput recently achieved with next-generation DNA sequencing technologies will enable direct detection and genotyping of SNPs from short sequence tags at high coverage on reduced genomic representations of individual offspring sequenced in multiplexed barcoded pools. This approach, generally termed Genotyping-by-Sequencing (GbS) has been successfully applied to crop plants (Elshire et al. 2011; Poland et al. 2012 ). In Eucalyptus a recent test of the GbS protocol provided several thousand high-quality SNPs , while a similar DArT-based method of genome complexity reduction combined with massive Illumina short tag sequencing was used to build a high density linkage map with over 4,000 dominant and co-dominant SNP markers .
QTL mapping in Myrtaceae genomes QTL mapping studies have been performed in a relatively small number of Eucalyptus tree species in the subgenus Symphyomyrtus, mainly due the commercial importance of the species for plantation forestry and active breeding programs for these species and their hybrids. Linkage maps developed have been successfully used for genetic dissection of a variety of quantitative characters including growth and form, wood properties, vegetative propagation, flowering time, biotic and abiotic stress resistance, and traits related to secondary metabolism (Table 8 ). The development of similar genetic mapping resources in other subgenera and genera of the Myrtaceae will pave the way for investigation of the evolution of quantitative characters at the genus and family level.
QTL mapping studies performed in Eucalyptus have been reviewed Myburg et al. 2007) . Findings from QTL mapping experiments in Eucalyptus trees (Table 8) , summarized here, are likely to be relevant for most genera and species in the Myrtaceae. Typically, fewer than ten major effect QTLs have been detected for most studied traits. These QTLs jointly explained up to 52% of phenotypic variance for traits related to vegetative propagation (Grattapaglia et al. 1995) and 81% for secondary metabolism (Shepherd et al. 1999) , both estimates likely overestimated. Recent QTL studies, however, have reported a substantially larger number of QTLs for wood quality traits whose effects estimated rarely exceed 5%. Thumma et al. (2010) detected 36 QTLs for cellulose content, pulp yield, lignin content, density, and microfibril angle (MFA) in E. nitens. Gion et al. (2011) described a total of 117 QTLs for a number of wood and end-use related traits, including chemical, technological, physical, mechanical and anatomical properties. Most QTLs had effects below 5% and only 13 of them had major effects above 15%. In a recent multi-pedigree QTL study, Freeman et al. (2011) found 98 QTLs for a range of growth and wood quality traits. Substantial QTL x pedigree and QTL x environment interactions were observed corroborating the anticipated complications of applying these results for marker assisted selection. The high genetic diversity in Eucalyptus species has facilitated QTL detection in most intra-and interspecific crosses. QTL mapping has been particularly productive in interspecific hybrid pedigrees where large effect segregating alleles potentially represent major gene effects of species differences (Grattapaglia et al. 1995; Marques et al. 1999; Shepherd et al. 1999 Shepherd et al. , 2008b Verhaegen et al. 1997) . In several cases (Freeman et al. 2008b; Mamani et al. 2010; Marques et al. 2002 Marques et al. , 2005 O'Reilly-Wapstra et al. 2011; Thamarus et al. 2004) , QTLs detected in one pedigree could be detected on homologous linkage groups in other, often unrelated, pedigrees validating the initial report and providing support for further investigation of key genomic loci. This was made possible by the development of transportable microsatellite markers that could be mapped in multiple pedigrees.
After an initial period when linkage group numbering was assigned ad hoc in different linkage maps that were mostly built with non-transferable dominant markers, Brondani et al. (2006) in a consolidation effort unified the existing linkage mapping data from several different maps using the few microsatellites that had been mapped to that point. This unification now widely adopted in more recent mapping reports has facilitated the continued addition of new markers and genes and expanded the prospects of making comparative analysis of putative QTL synteny.
The assembled meta-chromosomes of the E. grandis reference genome sequence are also being numbered and oriented according to this convention using a genome-wide framework of microsatellite and DArT markers. The general conservation of the base chromosome number (n011) and the strong co-linearity of genomes of Eucalyptus species and closely related Corymbia suggest that the numbering convention and orientation of linkage maps could find use at the family level. This should allow interesting evolutionary genomics questions to be addressed.
Despite the success of QTL mapping studies and the promise of marker-assisted breeding for quantitative traits, QTLs mapped in Eucalyptus have generally not been deployed in tree breeding programs (see Section "Molecular breeding"). Several major barriers have limited the routine application of QTL mapping information, and similar barriers will exist for other outbred genera in the Myrtaceae. Factors such as the high cost of genotyping and phenotyping have resulted in relatively small populations (generally fewer than 300 individuals, Table 8 ) being used for QTL analysis. This has limited the power to detect alleles segregating in these pedigrees and most likely resulted in overestimation of the effects of those that have been detected (Beavis 1994) . The resolution of the QTL mapping experiments has been low. Observed QTL intervals typically span 10 to 20 cm, which likely comprise genomic regions harboring several hundred genes often including many genes that could be considered putative candidates based on their biochemical or cellular functions. Only a small proportion of the allelic variation that exist in a breeding populations is sampled in each QTL mapping pedigree and high levels of linkage equilibrium observed in tree species limit the application of the observed marker-trait linkages to within-pedigree selection of progeny with desirable QTL allele combinations. QTL validation in related pedigrees and different environments is expensive and time-consuming, especially for tree species with long generation times. There is still a lack of understanding of the population genetics and evolution of quantitative traits in most plant species. Knowledge is particularly lacking on the frequency of QTL alleles and distribution of effects in natural and breeding populations. Finally, long generation times and high rates of inbreeding depression in outbred eucalypt species (Costa e Silva et al. 2011; Griffin and Cotterill 1988) have precluded the development of inbred lines with contrasting alleles, which are needed to isolate and characterize (Mendelize) individual allele effects.
Several recommendations can be put forward that would increase the success and applicability of future QTL mapping efforts in the Myrtaceae. Dedicated QTL mapping pedigrees need to be developed that maximize segregation for traits of interest. Such pedigrees may include multiple families or crosses and that sample more genetic variation for traits of interest and allow estimation of QTL effects in multiple genetic backgrounds. QTL mapping populations should also be replicated in multiple sites to estimate genotype by environment interaction, information that has been largely lacking in Eucalyptus. Larger experimental populations (>500 individuals) together with the higher map density achieved by new marker systems like DArT will increase the statistical power and resolution of QTL mapping experiments. Key genetic loci that have been identified by comparative QTL mapping in multiple pedigrees can be tagged at high resolution with SNP markers developed from the underlying genome sequence. This might increase the utility of QTL markers for molecular breeding and provide an entry point for discovering underlying genes. Byrne et al. (1997b) Genetical genomics for quantitative trait dissection Many QTLs are expected to result from a polymorphism that affects the expression of an underlying gene. QTLs can be mapped for variation in transcript levels at thousands of genes using genomics tools such as microarray analysis. Overlap between the trait (phenotype) QTL and an expression QTL (eQTL) for a particular gene provides evidence that the gene may be contributing to quantitative trait variation at that locus. By measuring the expression levels of more than 2,600 genes in developing xylem tissues of an interspecific (E. grandis×E. globulus) backcross population, (Kirst et al. 2004 ) demonstrated the potential use of eQTLs to study the coordinated regulation of traits such as lignin biosynthesis and volume growth at the gene level. It was also demonstrated that more than 30% of genes had eQTLs that were clustered together in loci which may contain key regulators responsible for the coordination of many developmental and/or biosynthetic pathways (Kirst et al. 2005a) . Such master regulatory loci may be associated with large effect QTLs in segregating populations and could, therefore, be targets for marker-aided breeding. The completion of the Eucalyptus genome sequence and anchoring of thousands of DArT and microsatellite markers from high-density genetic linkage maps will be an important enabling step for genetical genomics studies. It will allow discrimination among cis-acting eQTLs (where the eQTL maps to the gene locus) and trans-acting eQTLs (located elsewhere in the genome, presumably associated with transcriptional regulators of target genes). Furthermore, eQTL studies in hybrid pedigrees may allow identification of genomic loci and genes that are associated with differences among parental species, which will facilitate the tagging and introgression of such loci in hybrid breeding programs and provide valuable insights into the genetic basis of species differentiation.
Gene discovery and association genetics
Association studies are in progress in several forest tree species including Eucalyptus (Butcher and Southerton 2007) . In contrast to genome-wide association studies in humans and model plant species (e.g., Arabidopsis thaliana), association studies in forest trees are currently focused on candidate genes implicated in the trait of interest. In this section, we briefly review the results from gene discovery studies in Eucalyptus, the only Myrtaceae genus where such efforts have been carried out, followed by results from association studies. As only a few association studies have been published in Eucalyptus, results from other forest trees will be mentioned for comparative purposes. Candidate gene discovery Identification of candidate genes controlling important traits such as wood quality has been the focus of a number of studies in forest trees. Gene discovery has been achieved by developing EST data base resources by a number of groups both public and private with most of the EST resources in Eucalyptus targeting wood traits and abiotic stress response (see Section "Transcriptomics, proteomics and metabolomics"). Several candidate genes affecting cell wall biosynthesis in wood experiencing tension forces have been identified in eucalypts using microarray-based global gene expression experiments (Paux et al. 2005; Qiu et al. 2008) . Even though array-based studies are useful for discovering candidate genes, functional studies can confirm the role of a gene in controlling a trait. Goicoechea et al. (2005) characterized the role of EgMYB2, a transcriptional activator identified from differentiating xylem from Eucalyptus. Using proteinbinding analyses, they showed that EgMYB2 specifically binds to the promoters of CCR and CAD, the two terminal genes in the lignin biosynthetic pathway, and regulates their expression. Transgenic tobacco plants over-expressing EgMYB2 showed significantly thicker cell wall walls and altered lignin profiles. Spokevicius et al. (2007) have analyzed the role of the E. grandis β-tubulin gene (EgrTUB1) in controlling microfibril orientation, a trait strongly correlated with wood stiffness. Using a novel transformation technique that produced somatic xylem sectors (Spokevicius et al. 2005) , they showed significant changes in microfibril orientation in sectors over-expressing EgrTUB1 (Spokevicius et al. 2007 ). In a recent study, MacMillan et al. (2010) have implicated fasciclin-like arabinogalactan proteins (FLAs) in wood stiffness and chemical composition. Expression of FLA proteins was shown to be negatively correlated with microfibril angle in E. nitens (Qiu et al. 2008) . Using knockout mutants and novel biomechanical tests, MacMillan et al. (2010) revealed that FLA proteins contribute to plant stem strength by affecting neutral sugar composition and cellulose deposition in secondary walls of stems.
In the absence of obvious candidates or to provide supportive evidence for the potential role of a candidate, a QTL approach may be useful. A recent example was the use of a QTL study to launch fine-scale mapping of functional genetic variation in a gene involved in cellulose deposition (COBRA-like gene) in E. nitens (Thumma et al. 2009 ). Positional information may be particularly valuable for candidate gene reduction, where complex biochemistry provides a plethora of candidates, or mechanisms are unclear such as in several recent studies of foliar chemistry and biotic stresses in eucalypts (Freeman et al. 2008a, b; Henery et al. 2007; O'Reilly-Wapstra et al. 2011) .
Association genetics While gene discovery studies and biochemical characterization are useful to understand how genes are involved in the control of important quantitative traits, for practical application in breeding, specific alleles at these genes have to be found. Dissection of the molecular basis of trait variation by QTL mapping revealed numerous loci controlling variation in growth and wood properties in Eucalyptus and Corymbia (see Section "Genetic mapping, QTL, and eQTL identification"). However, these markertrait associations have not been useful in forest tree breeding programs due to the low extent of linkage disequilibrium (LD) in highly outbred populations (see Section "Molecular breeding"). To overcome this limitation, the focus of molecular marker research in forest trees shifted to populationbased association studies (Neale and Savolainen 2004) .
Association studies in natural tree populations will result in high resolution of marker-trait associations after due account for the existence of population structure (Neale and Savolainen 2004) . Several statistical methods have been proposed to account for this structure when testing for association (Price et al. 2006; Pritchard et al. 2000; Yu et al. 2006) . Unlike QTL studies where specialized controlledcross families are required, existing populations can frequently be used in association studies. This is particularly attractive in forest trees as development of specialized crosses such as full sib families is slow and expensive. Existing breeding populations are suitable for association studies as they generally include several hundreds of unrelated families. As genetic variation in the whole population is studied and associations are detected using the entire population, markers identified in association studies can, in principle, be immediately applied in breeding programs.
The first published association study in a forest tree species was in Eucalyptus (Thumma et al. 2005) . Two SNPs in the CCR gene associated with microfibril angle were found in a E. nitens population involving 290 unrelated individuals. These results were further validated in two full-sib families of E. nitens and the closely related species E. globulus. Functional studies in Arabidopsis have also implicated CCR in affecting cellulose MF orientation (Ruel et al. 2009 ). Since that first study, association studies analyzing wood traits, adaptation to drought, cold, aridity, and disease resistance have been reported mainly in pines and poplars (Dillon et al. 2010; Eckert et al. 2009 Eckert et al. ,2010 Gonzalez-Martinez et al. 2007 Ingvarsson et al. 2008; Quesada et al. 2010) . Results from an expanded association study with hundreds of SNPs in about 100 cell wall genes has revealed several SNPs significantly associated with different wood quality traits in E. nitens (Southerton et al. 2004; Thumma and Southerton unpublished) . Some of these SNPs were further validated in two other large natural populations. Meta-analysis by combining genotype data from three populations with more than 1,500 trees revealed 13 SNPs significantly associated with cellulose and pulp yield (Thumma and Southerton, unpublished) .
In a first application of marker-assisted selection, 13 significant markers were genotyped in two breeding populations. Analysis of the data has shown that the frequencies of the favorable genotypes are, in general, higher in breeding populations compared with unselected base populations further validating the significance of these SNPs (Thumma and Southerton unpublished) . Trees from the two breeding populations were ranked based on SNP genotypes, and these marker-based rankings along with breeding values will be used in selecting superior trees. These studies demonstrate the potential of association studies to yield useful markers for forest tree breeding programs.
The rapid decline in LD generally found in forest tree species offers unique opportunities for functional analysis of genes. Thumma et al. (2009) identified a synonymous SNP (SNP7) in a eucalypt COBRA-like (EniCOBL4) gene that is significantly associated with cellulose content and pulp yield in E. nitens. LD analysis revealed that SNP7 occurs in low LD with two small flanking haplotype blocks. This pattern of LD made it possible to test the functional significance of SNP7. Using different methods such as allelespecific expression, protein binding, and methylation analyses, they were able to show that SNP7 is a cis-acting regulatory variant influencing allelic expression. In a recent study Külheim et al (2011) used 195 SNPs in 24 candidate genes from known biosynthetic pathways to investigate associations for 33 traits related to plant secondary metabolites that defend eucalypt foliage against both vertebrate and invertebrate herbivores in E. globulus. For the 37 significant associations found across 11 candidate genes and 19 traits, the effects of SNPs on phenotypic variation were within the expected range (0.018 < r2 < 0.061) for forest trees. This study successfully linked allelic variants to ecologically important phenotypes which can have a large impact on the entire community. These studies demonstrate the power of association studies in populations with low LD to reveal functional variants affecting quantitative traits. While these results show that association studies are useful in identifying markers in pure species, their usefulness in hybrid breeding populations is less straightforward. Many advanced generation breeding programs in Eucalyptus are based on hybrid populations ) that involve relatively small number of parental lines. As LD will be generally high in F1 populations and a few generations thereof, resolution of marker-trait associations from association studies using such populations will be low. Genome-wide association studies in such populations could, however, reveal important genomic segments that could be integrated into genomic selection models (see Section "Molecular breeding").
Results from association studies in forest trees to date indicate that the effect of associated markers is typically very small, rarely exceeding 5%. These associations are similar to the magnitude of QTL effects found in forest trees. Large effect QTLs reported are most likely due to the small population sizes used (Brown et al. 2003; Grattapaglia et al. 2009 ), although some QTLs identified in crosses between species (Shepherd et al. 2008b) could be real as they may represent major gene effects of species differences. The small effect of markers generally found in forest trees is in agreement with findings from association studies in humans. Results from recent genome-wide association studies in humans suggest that common genetic variants are responsible for only a small fraction of trait variation. It was suggested that rare variants of large effect may not have been captured by using common SNPs in association studies (Goldstein 2009 ). Even though the effect of individual SNPs may be small, it should be possible to use combinations of SNPs to capture a large proportion of variation in traits. In loblolly pine (Pinus taeda), a substantial proportion of cumulative phenotype variance (20% of phenotypic variance and 40% of additive genetic variance in specific gravity) was explained by jointly analyzing a few significant SNPs (Gonzalez-Martinez et al. 2007) .
The number of genes analyzed to date in association studies in forest trees is relatively small. Even highly heritable traits such as wood quality are expected to be influenced by variation in hundred of cell wall genes (Carpita et al. 2001 ). To capture a large proportion of trait variation, the number of candidate genes examined needs to be increased substantially. Consequently, selection of appropriate candidate genes will be crucial in future association studies. Developments in next-generation sequencing technology will have a major impact on candidate gene discovery. Deep sequencing of RNA with next-generation sequencing technology will help profile genome-wide gene expression patterns. RNA sequencing is useful not only for identification of candidate genes but also for identifying SNPs within the candidate genes. The availability of draft Eucalyptus genome will accelerate this process. The cost of genotyping large numbers of SNPs across large number of samples is rapidly falling based on novel Genotyping-by-Sequencing methods that have been successfully applied to Eucalyptus species Faria et al. 2012) . As sequencing costs fall and throughput increases, it should soon be possible to sequence individual genomes. SNPs identified from these sequencing projects could then be directly tested for their effect on the trait without the need for genotyping individual SNPs. Using information from such projects, it should be possible to identify both rare and common SNPs controlling complex traits.
Molecular breeding
Systematic breeding efforts in the Myrtaceae have been essentially restricted to species of Eucalyptus. A few occasional studies have described genetic variance components of fruit traits in Psidium (guava) (Thaipong and Boonprakob 2005) , or reported the intraspecific variation, genetic control, and gains from selection for oil content and composition in Melaleuca (Butcher et al. 1994; Doran et al. 2006; Shelton et al. 2002) . Except for a few studies that have developed and used molecular markers to investigate diversity in Psidium (Prakash et al. 2002; Risterucci et al. 2005) and Melaleuca (Rossetto et al. 1999b) , tangible applications of molecular tools to advance breeding populations have been carried out only in Eucalyptus, (Grattapaglia 2004; Grattapaglia and Kirst 2008; Myburg et al. 2007) .
Eucalypts were introduced worldwide in the first quarter of the 1800s and quickly selected for plantations as their remarkable growth and adaptability were realized (Doughty 2000) . The dawn of industrially oriented eucalypt plantations in the 1960s and 1970s led to a systematic approach to breeding in several countries like Brazil, South Africa, Portugal, Australia, and Chile (Eldridge et al. 1993) . Main target traits for genetic improvement have been volume growth and wood density. Recently, pulp yield has received more attention while resistance to biotic and abiotic stresses is usually secondary. Large genetic gains have been obtained in the early stages of eucalypt breeding through species and provenance selection followed by individual selection for population improvement and establishment of seed orchards (Potts 2004) . A major breakthrough in eucalypt plantation technology occurred in the 1970s with the plantation of the first commercial stands of selected clones derived from hardwood cuttings (Campinhos 1980; Martin and Quillet 1974) . Since then, vegetative propagation coupled to hybrid breeding has become a powerful strategy for the improvement of productivity and wood quality. Eucalypt hybrid clones currently make up a significant component of commercial plantations worldwide in exotic environments (de Assis 2000) whereas, in their native range, eucalypt hybrids face multiple biotic challenges that can decrease yield (Potts and Dungey 2004) . The prospects of molecular breeding are discussed in the framework of such specialized Eucalyptus breeding programs, bearing in mind that eucalypts are still in early stages of domestication, a fact that has important implications when planning the use of genomic approaches in operational breeding.
M a r k e r -b a s e d m a n a g e m e n t o f b r e e d i n g populations Molecular markers have been used to answer questions related to the management of genetic variation, identity, and relationship in breeding and production populations. The correct identification of clones is currently the most widespread application of molecular technologies in operational Eucalyptus breeding and production forestry. Quality control of large-scale clonal plantations is essential, especially in vertically integrated production systems where the industry owns the forest plantation and therefore relies on the availability of wood from specific clones with particular wood properties. Because nursery propagation takes place several years before wood consumption, mislabeling can seriously affect the whole production process. Correct clonal identity also has important implications in breeding procedures where mislabeled elite clones used as parents in seed orchards can significantly affect the expected gains from breeding. RAPD and AFLP markers were initially used to this end (Gaiotto et al. 1997; Keil and Griffin 1994; Nesbitt et al. 1997 ) but quickly substituted by more powerful and accurate microsatellite markers (Kirst et al. 2005b) . Recently, improved genotyping systems based on tetra, penta, and hexanucleotide repeats microsatellites and SNPs have been developed and successfully used for high resolution fingerprinting, inter-individual genetic distance estimation, species distinction, and assignment of hybrid individuals to their most likely ancestral species Correia et al. 2011) . Standard panels of informative microsatellites have been routinely used for varietal protection of elite clones in Brazil since 2002, following inclusion of molecular markers as supplementary descriptors in the national regulation (Grattapaglia 2008) .
In addition to the use of markers for fundamental population genetics studies in Eucalyptus (see Section "Molecular population genetics"), DNA genotyping data have been valuable to assist in the design of seed collections (Nesbitt et al. 1995) , improve the structure of breeding populations and seed orchards (Marcucci-Poltri et al. 2003; Zelener et al. 2005) , and assess the levels of genetic diversity in national breeding programs. For example, microsatellite markers were used to compare the Australian National E. globulus Breeding Program (n0140) to that observed in native trees (n0340). While expected heterozygosity was high in the breeding population, and similar to that displayed in the native trees, allelic richness was lower, suggesting a loss of rare alleles during selection. Observed heterozygosity (individual heterozygosity), however, was consistently higher in the breeding population than in native trees, suggesting that heterozygotes have been preferentially selected within the program . Markers have been successfully used to estimate outcrossing rates, study parentage, and outside pollen contamination in seed orchards, parameters that have also been valuable to provide general guidelines for risk assessment of gene flow from plantation to natural stands (Barbour et al. 2010; Burczyk et al. 2002; Chaix et al. 2003; Gaiotto et al. 1997; Jones et al. 2008; Patterson et al. 2004; Rao et al. 2008) . In breeding programs, DNA paternity testing was successfully employed to retrospectively select parents of higher specific combining ability and demonstrate realized gains in volume growth above 24% in commercial forest stands (Grattapaglia et al. 2004b ). This DNA-based breeding tactic was later expanded and formally presented as the more general "breeding without breeding" strategy for forest trees (El-Kassaby and Lstiburek 2009). Finally, early attempts to use marker-based distance data among parents to predict performance of offspring were not very encouraging possibly due to the limited genome coverage. Only less than 5% of the variation in specific combing ability could be accounted for by RAPD markers , and similar results were obtained with microsatellites (de Aguiar et al. 2007 ), although Baril et al. (1997) suggested that RAPD-based distance could successfully predict the value of hybrid progenies.
Marker-assisted selection A number of QTL mapping studies have been carried out in Eucalyptus with encouraging results with regard to the ability to detect large effect QTLs, although it is clear that most of them have been widely overestimated (see Section "QTL mapping in Myrtaceae genomes"). No report, however, exists so far on the actual use of such QTL data for operational breeding by markerassisted selection (MAS). In view of the rapid decay of LD typically seen in Eucalyptus populations, marker-trait associations detected in a specific bi-parental segregating family in theory would hardly hold in unrelated pedigrees (Strauss et al. 1992 ). This was recently demonstrated for the association between microsatellite markers and a major effect QTL (Ppr1) for resistance to the Puccinia psiidi rust-causing fungus. Although Ppr1 was successfully validated in unrelated families, when the two microsatellites flanking Ppr1 were genotyped in a large breeding population, they were found to be in linkage equilibrium (Mamani et al. 2010) .
This result confirms early expectations that long-range LD marker-trait association detected by QTL analysis in biparental pedigrees may only be useful for selection within the same or related families where the QTL was originally detected (Grattapaglia et al. 1995) . This represents a considerable limitation for most Eucalyptus breeding programs that typically evaluate a broad diversity of unrelated families to capture valuable allelic combinations for multiple traits. Nonetheless, MAS has been proposed as a potential strategy to identify top individuals at early age within particular elite full-sib families of very large size by tracking a few large effect QTLs Johnson et al. 2000; O'Malley et al. 1994) . QTL mapping studies in forest trees with increased statistical power have shown that a larger number of QTL with relatively small and variable effects across backgrounds and environments typically underlie complex traits (Dillen et al. 2008; Ukrainetz et al. 2008; Freeman et al. 2011) . Breeding for several traits simultaneously by QTL-based MAS in such a scenario is practically precluded while the potential for MAS-based on the cumulative effect of several marker-trait associations found in candidate genes could be realized (see Section "Gene discovery and association genetics").
Genomic selection Genomic selection (GS), an approach originally put forward for domestic animals (Meuwissen et al. 2001) , was recently proposed as a promising approach for molecular breeding in forest trees (Grattapaglia et al. 2009; Grattapaglia and Resende 2011) . GS involves selection decisions based on genomic breeding values estimated as the sum of the effects of genome-wide markers capturing most QTL for the target traits. Based on a set of deterministic simulations Grattapaglia and Resende (2011) initially proposed that GS could radically improve the efficiency of forest tree breeding in elite populations. Recent groundbreaking GS experiments in two contrasting Eucalyptus breeding populations totaling 1,700 individuals genotyped for > 3,000 DArT markers and phenotyped for growth and wood quality traits have confirmed those predictions. Realized selection accuracies between 55 and 88% were obtained, matching or surpassing the accuracies achieved by conventional phenotypic selection. Substantial proportions (74-97%) of trait heritability were captured by fitting over a thousand significant genome-wide markers simultaneously underlying an estimated 200 QTLs per trait. The location of genomic regions explaining trait variation largely coincided between populations, although GS models predicted poorly across populations, likely as a result of variable patterns of linkage disequilibrium, inconsistent allelic effects across genetic backgrounds and genotype X environment interaction (Resende et al. 2012) . In this scenario, selection efficiency gain evaluated as the ratio of GS and phenotypic selection exceeds 350% by reducing breeding generation time from 8 to 2 years (Grattapaglia and Resende 2011) . With the rapid technological advances and declining costs of genotyping, we anticipate that GS will rapidly receive increased attention by Eucalyptus breeders and soon become an effective operational tool in advanced breeding programs.
Transgenic technology Despite the acknowledged economic importance of Eucalyptus in world forestry, very few public reports exist on transgenic experiments in species of the genus. Eucalyptus tissue can be transformed by Agrobacterium tumefaciens (Machado et al. 1997 ), but difficulties are faced for regeneration, typically found to be highly genotype-dependent. Attempts to transform guava (Psidium) using A. tumefaciens also faced difficulties in the regeneration step (Rai et al. 2010) . Reports on Eucalyptus-transformed plants are scant and generally developed for easily regenerable genotypes (Ho et al. 1998; Tournier et al. 2003) . Proprietary transformation protocols have been developed, however, that allegedly would work on different eucalypt genotypes (Kawazu et al. 2003; M. Hinchee personal communication) .
Besides the potential economic impact of a genotypeindependent transformation system, an efficient transgenic technology for Eucalyptus would represent a fundamental step to advance functional genomics studies. To mitigate the biological limitation for the study of wood formation using mutant phenotypes, in vitro wood formation systems have been employed to introduce transgenes transiently or stably into growing Eucalyptus wood-producing tissue (Spokevicius et al. 2005) and recently used to show that β-tubulin determines cellulose microfibril orientation during xylogenesis in E. globulus (Spokevicius et al. 2007) .
Transgenic technology promises to be a powerful complementary tool available to the molecular breeders. Transgenic trait modification, once successfully proven, should be well adapted to the clonal propagation system used in industrial Eucalyptus forests. The introduction of genes that confer traits for which the existing natural variation in Eucalyptus is insufficient, limiting plantation establishment in exotic environments (e.g., pest and pathogen susceptibility and/or abiotic stress tolerance such as frost or drought), is likely to be the initial target. In fact, the tree biotechnology company ArborGen recently received approval from the US Department of Agriculture to plant a quarter million genetically modified freeze tolerant Eucalyptus trees in Southern USA to provide an economically viable hardwood option in the region (http://www.arborgen. us/uploads/press-releases/Dear%20BRS%20Stake holder.pdf, accessed on 1/4/2011). In conclusion, the current information on Eucalyptus transgenesis points to an encouraging future concerning the possibility of generating stably transformed Eucalyptus plants (Labate et al. 2009 ). However, some strategic issues to be considered regarding the adoption of transgenic technology in Eucalyptus and forestry in general have been anticipated .
The status of the E. grandis genome In July 2007, the US Department of Energy (DOE) Joint Genome Institute (JGI) announced that it would sequence the genome of E. grandis (rose gum or flooded gum), a widely grown subtropical plantation species listed by the US-DOE as a candidate biomass energy crop. A firstgeneration inbred (S1) clone of E. grandis (BRASUZ1, donated by the pulp and paper company Suzano in Brazil) (Fig. 3b) was selected by the Eucalyptus research community as the target for genome sequencing . Following the breakthrough that the poplar genome sequence (Tuskan et al. 2006 ) triggered for the study of traits unique to woody plants, it is expected that a Eucalyptus reference genome will provide additional opportunities for comparative genomic analysis and shed light on the evolution of traits such as perennial growth, woody biomass production, and carbon sequestration.
Following a whole-genome shotgun sequencing approach very similar to that used for the poplar genome (Tuskan et al. 2006) , the DOE-JGI has over the past two years sequenced the estimated 640 Mbp genome of E. grandis to an average Sanger sequence coverage approaching 8×. Approximately 7 million paired Sanger sequence reads were produced from 3 and 8 kb plasmid libraries, 40 kb fosmid libraries, and two bacterial artificial chromosome libraries of average 145-kb insert size. The shotgun sequences were assembled into 6,043 scaffolds totaling 691 Mbp, of which 643 Mbp (93%) is contained in contiguous sequences. Despite the selection of an inbred (S1) genotype of E. grandis (BRASUZ1), assembly of the two haplotypes of the clone into a single consensus sequence proved challenging. A substantial proportion of the genome (>25% of loci dispersed throughout the genome) assembled into two haplotypes of 3-4× coverage, while the remainder of the genome assembled into a single haplotype of 6×to 7× coverage. Currently, over 88% (605 Mbp) of the draft mapped assembly (V1.0) of the E. grandis genome is included in 11 large sequence scaffolds averaging 55 Mbp in size. Sequence similarity searches with 1.6 million ESTs from leaf and xylem tissues of BRASUZ1 revealed that 96% of expressed sequences map to the 11 superscaffolds suggesting that only a small proportion of genes are contained in smaller scaffolds that have yet to be anchored to the main chromosome assemblies. Additional marker development in these regions and linkage mapping will position these scaffolds in future updates of the E. grandis genome assembly. Ab initio and homology-based annotation of the E. grandis genome sequence will be supported by over 4 million ESTs produced by GS FLX Titanium sequencing (Roche/454 Life Sciences) from xylem and leaf tissues of E. grandis (BRASUZ1) and a clonal genotype of E. globulus (X46, Forestal Mininco, Chile). In addition, the several published and yet unpublished sets of Eucalyptus ESTs (see Section "Transcriptomics, proteomics and metabolomics") have been used in parallel genome annotation efforts at the DOE-JGI and Ghent University. In addition to the E. grandis genome sequence, the DOE-JGI has performed genome-wide (30× Illumina paired-end) resequencing of E. globulus clone X46. The annotated E. grandis genome assembly, E. globulus resequencing data, and all supporting EST sequences have been released via the JGI's comparative plant genome database, Phytozome (http:// www.phytozome.net/) at the beginning of 2011. The Kazusa DNA Institute in Japan has produced a draft assembly of the genome of E. camaldulensis and recently released the information (Hirakawa et al 2011) .
Opportunities for advancing Myrtaceae genomics
The Eucalyptus reference sequence and associated genomic resources will have an important impact on basic as well as applied biological research in the Myrtaceae. As the pivotal representative of the family, the Eucalyptus genome will be the first reference genome in the Rosid order Myrtales, an important sister lineage to the Eurosids, which now include reference genomes for Arabidopsis, Populus, Medicago, Carica, Glycine, Ricinus, Cucumis, and Manihot. The Eucalyptus genome will therefore be informative for comparative genomic studies within the Rosids as well as the Eudicots. Together with the Vitis genome (Jaillon et al. 2007; Velasco et al. 2007 ) representing the order Vitales, an earlier diverging lineage in the Rosids (Jansen et al. 2006) , it will serve to confirm the paleo-hexaploid nature of Rosid genomes.
A recent comparative genomic analysis of Coffea (representing the Asterids) with Vitis, Arabidopsis, and Populus (Rosids) indicated that the Rosids and Asterids shared a paleo-hexaploid ancestor (Cenci et al. 2010) as was previously suggested based on multiple alignment of tomato and Rosid genes ). The Eucalyptus genome should therefore contain the ancient (γ) genome triplication, which has been detected in Vitis and the Eurosids (Jaillon et al. 2007 ). Analysis of the genome sequence will resolve whether additional lineage-specific genome-wide duplications like the one (ρ) in the Populus lineage and two (α and β) in the Arabidopsis lineage ) also occurred in the Myrtales. No additional genome-wide duplications were observed in the Vitis (Jaillon et al. 2007) or Carica genomes. Depending on the number of genome duplications that occurred in the Myrtales lineage after its divergence from other Rosid lineages and subsequent rates of gene loss, the number of protein coding genes in the E. grandis genome and likely in several other members of the Myrtaceae should be within the range of that observed for the Rosids (i.e., 27,000 to 41,000).
The vast majority of Myrtaceae species of potential genomic interest have relatively small genomes varying from 235 to 640 Mbp and possibly equally or less complex than the Eucalyptus genome. This fact, together with the rapidly evolving third-generation sequencing technologies (Rusk 2009) , should contribute to the generation of high-quality reference genome sequences for several Myrtaceae species of interest in the not-so-distant future. Incredible opportunities for genomic research will then be driven by increasingly affordable high-throughput genome sequencing technologies that will be used not only for resequencing but also for genome-wide, high density genotyping.
Fundamental questions in comparative genome evolution, speciation, reproductive isolation, ecosystem, and population genomics will be approached at the genome-wide level. Standing phylogenetic questions or hypotheses at the global family level or tribe-specific will be settled, although new issues will probably emerge once much higher DNA sequence resolution will be achieved. For example, genome-wide studies focusing on the evolutionary relationships and the timings of diversification might provide further stronger evidences for the incredibly high species diversification proposed for the Syzygieae and Myrteae tribes ).
Genome-wide comparative studies between E. grandis and E. globulus will provide exciting opportunities to study genome evolution and facilitate genomic dissection of the superior wood quality of E. globulus, a premier pulping species, possibly identifying sequence polymorphisms to be used in molecular breeding practice. The same approach could be used to study particular characteristics of other species in the genus. The availability of multiple genomes for species of Myrtaceae will also motivate increased efforts in metabolomics surveys, exploring the extraordinary diversity of secondary metabolites in Myrtaceae and their role in complex interactions with herbivore's life history, habitat selection, dietary constraints, fitness, competition, and coevolution. Finally, ecological and population genomics studies based on environmental association analysis will allow searching for correlations between climate variables and sequence variants at the whole-genome level across a range-wide sample of populations, a particularly exciting approach to understand Myrtaceae evolution.
